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SUMMARY

Spills of large quantities of oil on the ocean are one of the major

sources of pollution affecting both tiie beaches and the water. Curre.t

technology is inadequate to recover the oil spilled on rough seas. The U.S.

Coast Guard is conducting research to understand the behavior of oil spills

on the ocean as a a complementary effort to improving the technology of

spill cleanup. The work presented in this report forms part of the

continuing efforts to predict the fate of the oil using physical models.

In the past, both theoretical model and laboratory scale experiments

have been conducted to determine the processes that an oil spill is

subjected to in rough sea conditions. Several results highlighting the

importance of various physical phenomena that tend to disperse the oil slick

permanently or in non-recoverable fashion have been obtained. The most

important finding has been the dispersion of the surface oil into the water

in the form of small oil droplets. Breaking waves have been identified as

the principal mechanism by which the coherent slick is broken up into these

droplets. Studies to date have developed mathematical models to explain the

various phenomena, and to analyze the scaling laws and data from laboratory

experiments involving oil-water-wave interactions. Each study focuses on

certain specific phenomena. No single, comprehensive procedure was

available which would treat all of the phenomena occurring and predict the

fate of oil spilled on a turbulent ocean.

The current study was undertaken with the objective of integrating the

theoretical and experimental information available into a unified,

sequential calculation model. Major consideration has been given in the

study to developing the least sophisticated calculation procedures which

maintain a reasonable description of the totality of the physical process.

The study was conducted in two phases. In the first phase, the emphasis was

on developing a calculator-based algorithmic calculating procedure for

determining the fate of the oil. In the second phase the models developed

were computerized for ease of operation. The simplifications made in the

first phase analyses were removed in the computerized version in favor of

solutions to the full equations.
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The principal phenomenon of interest in the early stages of oil

spread/dispersion on the ocean is evaporation. A model was developed to

describe the combined effects of spreading and evaporation from an oil slick

containing multiple components (hydrocarbons of several different vapor

pressures). This model takes into account the effects of wind speed,

ambient temperature, and the concentration of the various hydrocarbon

components in the oil at any particular instant in time. The coupled

spreading, evaporation, and composition equations are solved (numerically)

to determine for any given time the area of spread, evaporation rate,

density of the mixture, and its' composition. This model cannot be

exercised on a hand calculator. The multi-component model was exercised for

four specific oils (light crude, heavy crude, #2 fuel oil, and #6 fuel oil),

) .and certain dimensionless parameters were determined for use in the simple

model. The simple model treats the oil as a single-component fluid with its

evaporation rate modified by the parameters determined from multiple

component evaporation. The results from this model are expressed in

closed-form equations. A comparison of the results (for the four oils of

interest) obtained from the two models, over a range of spread times,

indicate close agreement.

In the analyses performed the sea state is described by the well-known

Pierson-Mo~kowitz spectrum for a fully developed sea. The sea state is

defined by the significant wave height, which represents the average height

of the highest one-third of the waves occurring in the sea. Based on this

correlation, the probability of encountering a breaking wave at any

particular time instant within the oil slick is determined. In the presence

Cof very large oil slicks, the sea state and related parameters are expected

co be affected. The possible damping effect is not considered in the

analysis of ocean wave or sea turbulence characteristics.

Predictions of the size of oil droplets formed by wave breaking are made

utilizing the models developed in earlier studies. The effect of slick

thickness on the formations of oil droplets is taken into account explicitly

by modifying the kinematic viscosity of water due to the presence of the oil

on a breaking wave. Most of the fine droplets are formed on the breaking

-< wave bore. Under t, cal sea conditions (Im to 3m waves) the diameter of

droplets formed vary between I centimeter and 50 microns.

0-2
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The results from the droplet formation model are used in a model for

predicting the amount of oil dispersed into the water. This analysis

considers the total area of oil slick spread, determined from the

evaporation model, estimates the average number of breaking waves occurring

within the slick at any instant, and from these determines the total amount

of oil disperse!d into the water at a given time and the depth of penetration

of the drops produced. Lacking specific experimental data, it is assumed

that the number density spectrum for drops of a given size decreases

linearly with droplet size from the smallest to the largest. The model can

, be exercised for a broad spectrum of input data calculated from the previous

steps. The equations presented are such that the dependant parameter can be

evaluated with reasonable ease.

It is a common observation that the final stage of oil slick formation

occurs after the slick has thinned sufficiently by spreading, and consists

of patches of floating oil with no apparent connecting film. A model has

been developed to describe the overall sea area occupied by these slicklets

under specified ocean conditions, spill quantity, and time after spill.

Data available from a single series of ocean spill experiments have been

utilized to develop scaling parameters.

The calculation sequence is structured so that it follows the various

stages the oil slick goes through. The results from one model form part of

the input for the next. The specific calculation steps are illustrated for

the hypothetical spill scenario involving the spill of 10,000 cubic meters

of light crude oil on a 1 meter significant wave height sea. A table of the

predictions of the dispersion parameters at several time instances (2, 4, 8,

16, 32, and 72 hours) after the spill has been generated. The parameters

evaluated include the slick area, thickness, density, total volume dispersed

in water, and the volume remaining on the surface. In addition, the total

sea surface area covered by slicklets is also evaluated. Graphical output

displaying the variation of the floating oil volume and slick area with time

are also presented. Finally, the time required to reach 50% droplet

dispersion and 90% droplet dispersion are evaluated for different sea states.

0-3



MODEL APPLICABILTIY AND LIMITATIONS

The methodology presented in this report is general and is applicable to

any type of oil and specific sea conditions. The calculations shown and the

results presented here are specific to the particular oil chosen and for the

environmental conditions used. In developing the models, we have made

several key assumptions, which have significant impact on the results.

For example, it has been assumed that the presence of oil does not alter

either the size of the breaking wave or the probaility of the wave

breaking. While this may be acceptable when the oil slick is very thin, it

is certainly not correct when the thickness exceeds a few millimeters.

Similarly the models presented assume a linear distribution for the droplet

number spectrum with droplet size. The total volume dispersed in the water

depends, very sensitively, on the number of drops and their sizes. Lack of

- . experimental data and theoretical models prevents us froD, evaluating the

differences between actual results and our predictions.

There are other, less serious assumptions. These include: I) fully

developed sea state is described by the Pierson-Moskowitz spectrum rather

than by the more accurate, but highly complicated JONSWAP spectrum, 2)

evaporation terminates when the total mass release rate starts to decrease

with time, and 3) the droplets follow the wake generated by breaking

waves. The models presented will overpredict the dispersion into the water

column in most situations. Significant improvements can be made in the

predicting schemes by incorporating field experimental data when they become

available. Substantial change in the methodology of calculations is not

anticipated.

<I CONCLUSIONS

The major conclusions from the study presented in this report can be

summarized as follows:

o It is possible to make a reasonable estimation of the fate of the

oil at given times after the spill, and for specified sea states

with the current knowledge of the behavior of oil slick-subjected

waves in the ocean. These predictions can be made with the

simplified models presented, using only a hand calculator. About

two man hours may be required for each set of calculations.

o-4



o The accuracy of all the predictions cannot be verified without data

from either spills of opportunity (accidental spills in which data

are gathered) o- from controlled spills on the ocean. Parts of the

model, such as the spreading model, are sufficiently accurate for

the purpose of practical predictions.

o Evaporation loss is significant only in the first twelve to twenty

hours for the range of environmental conditions and volumes of

spill analyzed. No measureable droplet dispersion is likely to

occur within this period. Total evaporation rate is a strong

function of the volume of the spill.

K o Oils containing low vapor pressure components (for example, those

I boiling at temperatures above 4200K) lose a lower proportion of

oil by evaporation than an oil containing components with high

vapor pressures.

o The volume of oil predicted to be dispersed in the water column is

' very sensitive to the assumption of linear droplet size

distribution. Lack of data in this area presents a serious

I> ilimitation on the accuracy of the predictions.

° o Calculating the volume of oil dispersed in the water column is

simple in principle, but tedious to implement in a non-programmable

calculator. Automating the calculation procedure substantially

reduces the time spent on repetitive calculations.

RECOMMENDATIONS

Based on the analysis performed in this project in predicting the fate

- of oil in rough seas, we recommend that further research be directed towards

the following areas:

I. Experimental Investigations

We recommend that the following be measured in controlled experiments or

in spills of opportunity.

o Effects of oil slick on sea state: The presence of an oil slick

will reduce the significant wave height and the wave period. This

will reduce the probability of a wave breaking within the slick.

We recommend that the sea wave spectrum be measured both within the

slick and outside the slick. If this is not feasibile, gross

-i characteristics, such as the maximum wave-height and period within

and outside of the slick should be measured.

0-5
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i o The size distribution of oil droplets soon after their formation by

wave breaking: the amount of oil lost in the water column is

directly related to the size distribution of droplets. Controlled

experiments should focus on measuring the size distribution of

droplets and verify the assumed criteria to determine the size of

the largest and the smallest droplets.

o Effect of emulsification: the formation of an extremely viscous

oil-in-water emulsion from wave agitation contributes greatly to

the difficulty of cleanup operations. We recommend a study of the

effect of sea state on emulsification be conducted.

2. Theoretical Investigations

We recommend that the following theoretical investigations be undertaken:

4 o The effects of slick thickness on the wave energy of breaking

waves: the present theoretical assumption is that the effect of

oil in breaking of waves is insignificant, but field observations

indicate otherwise. We recommend that a comprehensive theoretical

investigation be undertaken to study the effect of thickness of an

oil slick on damping of breaking waves.

o The effect of prolonged spills: the present analysis assumes an

instantateous spill of known volume. In the event of a continuous

spill, the extent of spread will be affected by the spill rate and

the advection of the slick due to current.

3. Comprehensive Oil Spill Model

The current state of the art in oil spill models is such that, while

very accurate predictions of the oil behavior is still far off,

reasonable determination of the fate of the oil can be made. There are

numerous models for predicting slick trajectories, and there are models

-for mass loss by evaporation or dispersion of globules in water. There

is no comprehensive model dealing with the total, three-dimensional

behavior of oil slicks. For a realistic assessment of potential damage

4 to the environment such a model is essential. We recommend that the

USCG undertake the development of a general and comprehensive oil spill

fate model.

0-6
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1. INTRODUCTION

[1.1 BACKGROUND

The United States Coast Guard (USCG) has statutory responsibility for

regulating marine transportation of hazardous materials. This includes

potential pollutants, such as crude oil. The Deep Water Port Act of 1974

gives the Department of Transportation, and through delegation the USCG,

regulatory responsibility for most aspects of the deep water ports,

including licensing, design, construction, testing, and operation.

The necessary and important part of the USCG regulatory work is assuring

minimum oil spillage onto the ocean as well as developing technology to

contain and remove any oil that may be spilled accidentally. In order to

develop sound regulations, and prepare for reducing oil spill probabilities

and ecological damage from such spills, the USCG must have a quantitative

' understanding of the dispersion of oil under a range of sea and weather

conditions.

The USCG has undertaken research on the dispersion of oil spills on

rough seas. The objectives of the studies have been to undertand: 1) the

sea parameters that affect the dispersion of an oil slick, 2) the types of

dispersion that ensue, and 3) the extent to which oil would be dispersed to

a non-recoverable state, in any given sea state. To achieve these

I objectives, the USCG initiated a series of contract studies in 1976.

The first of this series was conducted by Arthur D. Little, Inc. (ADL).

Theoretical analyses were performed to study such phenomena as the stability

of oil slicks on the ocean, the effects of ocean turbulence on the oil,

globule formation, and vertical dispersion into the water. The critical

r I conditions under which globules of oil are formed from the slick were

identified, and a criterion was developed to predict the minimum sea state

in which the globular dispersion would begin. It was also noted that

significant oil dispersion would occur under breaking waves. Areas for

further laboratory and field experiments were indicated.

Subsequently, the Massachusetts Institute of Technology (MIT) conducted

an experimental study of the dispersion of oil caused by breaking waves. A

detailed literature survey was initiated as well. The principal finding

from these experiments was the significant depth to which the oil globules

r1-1
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were carried by the wake flow generated by breaking waves. The experiments

and studies provided information to: 1) make qualitative estimates about

the relative ease of dispersion of slicks of various properties, 2)

identify the salient physical and chemical phenomena about the dispersion

process, and 3) take important countermeasures following an oil spill.

Flow Research Company (FRO) performed an experimental invesitgation to

study the air/water interaction, the characteristics of turbulence in water

generated by wind and waves, and the effect of the presence of oil on the

turbulence parameters. The principal findings from this work included the

relationship between wind speed and the root-mean-square value of turbulent

intensity of the water, the effect of wave motions, and the spectral

distribution of energies in turbulence generated by simple wind shear as

well as by breaking waves.

" IThe experiments conducted by MIT and by FRC were relatively small-scale

laboratory experiments. More recently, the U. S. Navy has conducted a

series of field measurements of the upper ocean turbulence.

The current experimental data and theoretical knowledge of oil-spill

research is scattered in various reports, and is not easily utilized for

analyzing the fate of a spill. It was felt that with a relatively modest

additional effort involving the development of simple models and synthesis

of the results from recent studies, a comprehensive predictive model could

be developed. The calculation procedure, elaborated in such a model, would

provide a tool for predicting the behavior of oil spilled onto rough seas.

The comprehensive model could be utilized in planning controlled

experimental spills on the ocean and provides a guide to optimize data

collection and their analyses.

Recognizing the importance of comprehensive models and the need for

synthesizing existing knowldge into a single predictive calculation scheme,

the Coast Guard issued a solicitation (number CG-843466-A) in August of

1978. Arthur D. Little, Inc. was awarded the contract (number

DOT-CG-843466-A) in March 1979. This report describes the models and the

step-by-step calculation procedure developed under this contract.

1-2



1.2 Objectives of the Study

The principal objective of this study was to develop a comprehensive

model, using the results from recent investigations, and by additional

modeling effort to determine the fate of an instantaneously spilled oil

volume on a rough sea. Specifically, the focus of the analyses and

methodology is to generate simplified algorithms, based on the model, so

that a step-by-step calculation procedure can be executed on a desk

calculator.

I1.3 Scope of the Work

The work in this report primarily involves the integration of data,

results, and the scaling laws developed by recent studies on the behavior of

oil spills in the ocean. Several submodels have been developed to obtain ai.
continuity in the description of the various physical phenomena, and to

I ,- simplify complex calculations.

r The calculation procedures in this report are structured to follow the

physical processes that an oil spill in the ocean undergoes. The different

phenomena are analyzed and the iutegrated calculations for determining the

dispersion parameters are worked out. Four key physical phenomena (spread[ . and evaporation, globule formation, globule penetration and distribution,

and surface dispersion) are discussed seperately in four chapters. Sample

calculations for specific conditions of spills are illustrated, step-by-

step, in a separate chapter. A table of dispersion parameters foi several

time durations of interest is also given. Four different types of oil are

included in the calculations.F : Oil spilled in large quantities an in a very short duration of time (an

"instantaneous spill") spreads initially on the water. Oils which contain

fractions of volatile components, such as the light crude, bcgin to

evaporate during spreading. The rate of mass loss by evaporation increases

initially because of increasing surface area due to spreading, and
subsequently diminishes due to the reduction of volatile fractions remaining

on the surface. The combined phenomena of spread and evaporation are

explored in Chapter 3. Involved calculations are required to solve the

total problem due to: 1) the interdependant relationship between spread and

evaporation, and 2) the compFex nature of the evaporation of a mixture of

1-3



components. A multi-component spread/evaporation variation model is

developed. A simplification of this model to easily calculate the spreading

characteristics of four specific oils (given initial compositions) is also

indicated. For any given time after the spill, parameters, such as the

volume of oil remaining, its density, and the slick area, can be calculated.

During the spreading on the ocean, the oil will be subject to wave

action. If a large number of breaking waves are present, the oil slick is

likely to be broken up and will result in the formation of globules of oil.

The extent to which the slick undergoes globulation depends on the sea state

and the thickness of the slick. The criteria for globule formation, the

expected maximum and minimum sizes of oil drops formed in a given sea state

and the effect of slick thickness on sizes of drops, are discussed in

Chapter 4. While most of the analysis is a repetition of work performed in

I.1 previous investigations, some new ideas and insights have been incorporated

into the relationship between the breaking wave energy and the slick

thickness for the formation of globules.

Oil globules generated by breaking waves or other instabilities in the

slick tend to be dispersed in the water column. The wake flow generated by

breaking waves seems to be the dominant mechanism for transporting oil drops

to considerable depths in the ocean. The turbulence in the ocean tends to

maintain a spatial distribution (with depth) of oil drops. Chapter 5

discusses this phenomenon of droplet penetration and distrubution. Theij, major effort of this chapter is to simplify the complicated equations, so

that sequential calculations can be performed with ease on a calculator.

The principal result calculated in this chanter is the total portion of oil

dispersed in the water column at a given instant. The number density

(probability) disLributio with droplet size is athumed to decrease

linearly, from a high value for the smallest drops formed, to zero, for the

largest diameter drops that may result. The equations for the motion of the
drops are obtained from previous investigations. A modified model for the

depth-wise distribution of oil drops of different sizes is presented.

It is a common observation in large oil slicks caused by accidental

spills that when the slick thickness becomes small, a relatively large

number of small patches of oil begin to form. These patches separate from

one another by water surface motions caused by currents and turbulence.

This phenomenon of surface dispersion of a large number of thin patches is
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I discussed in Chapter 6. In this treatment, it is assumed that the thin

patches do not spread significantly for further thinning, but are separated

by surface velocity fluctuations. The principal result calculated is the

total ocean area encompassed by these oil patches ("slicklets") at any given

time.

In Chapter 7 the detailed, step-by-step procedures are illustrated for a

specified initial volume of spill, type of oil, and assumed ocean

conditions. This chapter illustrates the order in which the equations,

derived and developed in the earlier chapters, should be used. Specific

calculations are made for the description of a 10,000 cubic meter spill of

light crude oil, every two hours under a 3 meter significant wave height

sea. Similar results are also indicated for three other types of oil:

heavy crude, number 2 fuel oil, and number 6 fuel oil. A table of

rdispersion parameters is developed.

The work indicated in this report was performed in two phases. In the

first phase the models were developed and simplified algorithms were worked

out to enable calculations to be performed on a hand-held calculator. In

order to achieve this, certain simplifications were made. Following the

Phase I work, the modcls were computerized in Phase II. The models for

exercising on the computer retained their full rigor and no numerical

simplifications were incorporated. The details of the computer program, the

operational procedure, and the results are indicated in Appendix E.

The scope of the work did not consider of oil breakup by chemical

mechanisms, formation of emulsions ("mousse"), or significant losses due to
L peculiar geographic conditions. The sea state must be assumed to be A'u 1l1

Finally, specific conclusions are discussed, and recommendations for

future work are made.
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2. ANALYSIS

2.1 QUALITATIVE DESCRIPTION OF OIL SPILL BEHAVIOR ON ROUGH SEAS

The release of oil from accidental spills (e.g., grounding of ships or
well blow-out from offshore oil drilling) is seldom instantaneous. In the

case of spills from damaged tankers, the rate depends on the size and

location of the hole, the number of tanks damaged, and the local sea

iionditions. If the total duration of release is relatively short compared

to he duration over which the total volume of oil remains on the ocean,

calculations based on "instantaneous" release models are probably

conservative.

When oil is released onto a relatively calm sea, it tends to spread more

uniformly in all directions. The presence of winds and water currents

promote non-uniform spreading. In instances where wind directions may vary

_I,_ significantly over short durations, fingering of oil slicks or streakingI. could also occur. The movement of oil slicks caused by non-breaking waves

4 is relatively insignificant compared to that from other mechanisms. The[ii initial thickness of oil slicks can be significant (order of centimeters).

Thick slicks are not, in general, affected by the waves. In fact, oil

slicks dampen most of the small wave length waves, and reduce the tendency

of breaking for larger waves.

Crude oil is a mixture of a variety of components (hydrocarbons) with a

range of volatilities. After the spill, all of the components tend to
r evaporate in proportion to their vapor pressures. The rate of mass loss

V with time increases as the area of slick spread increases. The evaporation

L aLe increases with increased wind speed and with increased ambient (sea4! water) temperature. The net effect of this fractional evaporation of ther ~. volatile components is a reduction in the mass of oil on the water as well

as in increase in its specific gravity.
Simultaneously with spreading and evaporaLion, oil is subject to waves,

breaking waves in particular if the sea is rough. Breaking waves are the

dominant agent causing the initial dispersion of oil in the form of

submerged droplets. Oil droplet formation, by breaking waves, becomes more

pronounced as the oil thickness decreases. As the oil film is torn by the

§I intense turbulence on the bore of the breaking wave, air is entrained. The
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mixing of oil, water, and air could produce an oil-in-water emulsion in

addition to oil droplets.

Once the oil droplets are dispersed into the water, their subsequent

motion is largely influenced by the turbulent flow in the water. This

turbulence can be generated by winds, currents, and breaking waves. The

initial downward motion of oil drops is substantially influenced by the wake

flow and turbulence caused by the breaking waves. All droplets which are

less dense than water tend to rise; large ones rise faster than small ones.

In completely calm water, the rise rates for different sizes can be

calculated easily. In the presence of turbulence, some drops tend to rise

faster and some of the same size will rise slower. This results in a

V., distribution of oil droplet concentration in the water. When a dispersed

*oil droplet does rise to the surface, it generally encounters the floating

slick and has a tendency to recoalesce with the slick. During the time the

droplet is against the slick, but before recoalescence, turbulent motion in

water can easily resubmerge the droplet. Oil droplet behavior in the open

ocean is poorly understood.

- - Some of the oil drops driven to considerable depths may be carried away

by a current. This will result in a permanent loss of oil. Also it is

conceivable, that some part of the oil drop population may be adsorbed on

sediments and remain on the bottom. Some of the componenets of oil may

dissolve in water, but this process is very slow. It is also possible that

oil may be lost from the slick in the form of fine aerosols to the

atmosphere. While there is no data to confirm this, it is conceivable that

gusts of wind and wave breaking may produce oil aerosols, much the same way

as salt sprays are generaLed.

The slick floating on the surface is undergoing physical expansion by

4~. spreading, and a change in properties, due to increasing concentration of

heavy components. Such a slick may exhibit a variation in properties over

its area causing instabilities in its film. Also, when the slick is thin

and is broken by breaking waves, small slicklets may be formed. The

combined effect of property variation and physical separation probably

results in the formation of a large number of the smaller slicks

("pancakes") that have been observed in large spills. These pancakes are

subjected to the surface turbulence and are dispersed horizontally over a

wider area than the actual oil surface area, corresponding to a single
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coherent slick. The spread rate of individual pancakes, with respect to

their center, is low and can be treated as non-expanding.

In conclusion, it can be said that an oil spill on an ocean: 1) loses

mass by evaporation, 2) is dispersed vertically in the form of oil globules,

and 3) is dispersed horizontally over a wide area by surface turbulence

after the slick has spread by gravitational and surface-tension forces. Any

model utilized in the prediction of the fate of the oil must consider all

three phenomena.

2.2 REVIEW OF LITERATURE

Exhaustive reviews of the literatuare relevant to the problem of oil

spill on the ocean have been given by Raj (1977), Milgram et. al. (1978),

and Lin et. al. (1978). These reviews cover such topics as the quantitative

descriptions of the wind wave interactions, sea states, ocean turbulence,

breaking wave probabilities, energy dissipation, characteristics of ocean

turbulence, scaling laws, parameters, and other related subjects. Also

included in the survey are the qualitative and quantitative observations

from large accidental spills, and the chemical phenomena of importance. It

*is not intended to reiterate the material in these surveys, but to discuss

only those results which have been developed since the publication of the

above studies. Also, the studies used directly in this investigation will

be discussed.

The first mechanism which leads to the ultimate degradation of oil is

spreading. An initial model describing the behavior of oil on calm water

was developed by Blokker (1964). The model is based on the assumption that

most of the potential energy is lost by friction, and that the substantial

duration of spreading occurs when the oil thickness is less than 2 cms. The

spreading rate was assumed to be proportional to the mean film thickness.

Blokker extended the analysis to include the effects of the evaporation of

I oil.

Blokker's model for evaporation is an extension of the models generallyused for the evaporation of water from a lake or for petroleum distillation

processes. Blokker assumed the oil to be a single component and developed a

complex relationship between spread and evaporation.
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Fay (1970) and later Hoult (1972) improved the spreading model,

considering the four different types of forces (i.e., gravity, inertia,

friction, and surface tension) that act on oil. Milgram and Van Houten

(1974) considered the effect of swell waves on spreading oil and concluded

that it had little effect.

McKay and Matsugu (1973) conducted laboratory experiments on the effects

of wind speed and oil pool sizes on the evaporation rate. A correlation

iuvolving the evaporation rate, wind speed and pool area was proposed.

There is no comprehensive spreading evaporation analysis which includes the

multi-component nature of crude oil (with fractions which have a whole range

of vapor pressures), and the effect of varying physical properties.

A comprehensive theoretical analysis of the various (physical) ways in

which an oil slick on the ocean can be dispersed has been discussed by Raj

(1977). The purpose of the study was to: I) identify the various phenomena

which influence oil dispersion, 2) develop a first generation of physical

models, and 3) indicate the parameters that have signficant effect on the

dispersion process.

The results of the study indicate that the oil globule formation could

begin in a 3 meter significant wave height sea caused by non-breaking

waves. It is concluded that breaking waves would be the signficant

mechanism by which oil globules would be formed and driven into the water

column.

Models were developed to evaluate the maximum size of droplets formed,

the probability of slick fracture by a series of breaking waves, and the

distribution of oil droplets in the water column. It was concluded that

slick breakup into slicklets by breaking waves was almost impossible in the

middle of the ocean. Much of the required information (an assessment of the

fate of the oil) is identified. This includes the nature and

characteristics of upper ocean turbulence, the effect of the presence of oil

on the sea state parameters, wind wave interactions, and other information.

The most extensive series of experiments, involving the dispersion of

oil by breaking waves in a laboratory wave channel was performed by Milgram

et. al. (1978). The experiments were designed to study the effect of

variation on oil properties on the degree of dispersion under similar

breaking waves. These tests indicate that the slick thickness is the single

most important parameter influencing the amount of floating oil dispersed
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into the water. Increasing slick thickness from 0.5 millimeters to 5.5

millimeters reduces dispersion by 96%.

These tests also indicate that the amount of oil dispersed was quite

viscosity sensitive with less oil being dispersed for high oil viscosity.

This has considerable significance since aging of the oil on the ocean (also

evaporation) increases the viscosity and reduces the propensity for droplet

dispersion.

The experiments indicate the relative importance of wake flow caused by

the breaking waves in dispersing the oil drops to great depths. Milgram et.

al. have developed an expression for the depth of penetration of a globule

of given size, and correlated it with the rate of momentum lost oy the

breaking wave.

This study contains the expressions for the smallest size oil drop

formed by breaking waves. This is based on the equilibrium of the

surface-tension force that tends to maintain the drop and the turbulent

fluctuation (dynamic pressure) over a scale comparable to the micro-scale of

turbulence.

The relationship between oil properties and the recoalescence time

between droplets and the slick was also investigated. It was discovered

that the coalescence time increased as the cube of the droplet size

increased and with increased oil viscosity. No particular trend was

observed with slick thickness. This work by Milgram et. al. has provided

qualitative and quantitative information on the formation of oil droplets by

breaking waves and their dispersion in water.

The interaction between the wind and waves and the spectral energy in

wind generated turbulence in water were measured experimentally by Lin et.1al. (1978). Measurements have been made in water, both in the presence of

and absence of an oil slick on water. The principal findings from this

experimental work were as follows:

-In a wind-generated turbulence within the water, the maximum intensity

of turbulence is about 0.7% of the wind speed. The water surface drift

speed is about 3.2% of wind speed (measured typically at 10 meters above

surface in field conditions). The boundary layers in air and water were

similar.
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-Dominant turbulence in water is generated by breaking waves. The

turbulence spectrum shows a significant peak at the wave frequevcy and a

spectrum which (for about two decades) decreases as the -5/3 power of

the frequency.

-The presence of oil reduces the amplitude of the water waves and the

peak energy density in the wave spectrum for identical excitation

conditions.

This series of experiments provides quantitative data on the nature and

level of turbulence in water generated by wind shear and breaking waves.

The extrapolation of the laboratory results to full-scale sea conditions is

indicated in Appendix A of this report.

Shonting (1979) has conducted the field study to measure surface layer

turbulence associated with wind stress and breaking waves in the ocean.

Measurements were made from a fixed location off Gould Island (Narragansett

Bay) in 1 meter waves and under 9 meters per seccnd to 12 meters per second

wind speeds. His results indicate that the dominant frequency in the

turbulent spectrum corresponds to the wave frequency. The vertical kinetic

energy is found to decrease exponentially with depth, and the surface

kinetic energy is proportional to the wind speed. The results also show the

dependence of the vertically integrated kinetic energy with the cube of the

wind speed. Measurements of Reynolds stresses were also made. These

results are in agreement with the predictions made by Shonting (1970).

The behavior of oil patches on the ocean is an important area of study

for clean up purposes but a systematic study has not been undertaken. On the

other hand, the behavior of pollutant clouds, subjected to turbulent
atmosphere is reasonably ..ell understood. Csanady (1973) has discussed the

growth of an instantaneously released finite-size cloud of particles. It

can be seen that the variance of the cluster of particles grows proportional

to the square of the diffusion time. Limited quantitative information on

the dispersion of small patches of oil are :-vailable from tests conducted to

evaluate the performance of oil recovery equipment. The results indicate

two distinct dispersion regimes with time, similar in character to the two

regimes of dispersion postulated by Csanady for finite-size cloud

dispersion. An analysis similar to the ones used for three dimensional

cle,ud dispersion is applicable, with certain modifications, to the

description of oil slicklet dispersion on the ocean surface.
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The brief discussion of the pertinent literature and the findings from

more recent studies directly related to oil dispersion in the ocean indicate

that substantial progress has been made in understanding this phenomenon.

The knowledge is far from complete. For example, there are no models which

consider the (significant) effect of wave damping by oil. It is not certain

how the size of the breaking wave that will occur within the oil slick is

related to the oil film thickness and oil properties. Measurements are not

available from experiments on the ocean or from accidental spills indicating

the size distribution of oil droplets that may be formed by breaking waves.

Similarly, field data does not exist on the effect of an oil slick on

damping the near surface turbulence. Finally, the mechanism of turbulence

generation on the bore of the breaking wave, and its characterization in

terms of intensity, scales and spectra are very poorly understood.

In the succeeding chapters, analyses are presented to calculate the

effects of the various phenomena that the oil is subject to on the ocean.

Where it is relevant, appropriate references are made to the specific works

on which the analyses are based.

i2
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3. EVAPORATION MODEL

3.1 Introduction
In this chapter we develop a model to predict the loss of oil due to

evaporation. The model assumes an instantaneous oil spill of known volume

and composition, and accounts for the simultaneous spreading and

V- evaporation. The output of the model is the remaining volume of oil, the

area and thickness of the slick, and the average density of the oil

remaining in the slick.

In selecting a model our objective is based on developing a simple,

sequential algorithm to predict the rates of evaporation as a function of

time. We approached the problem in the following manner:

-By developing a multi-component oil slick model which considers the

combined effects of evaporation and spreading. The resulting equations

are nonlinear and coupled. Further, the model requires additional data
on the vapor pressure, density, and concentration of various

components. The solution of the model equations were obtained with the

aid of a digital computer. The governing differential equations and the

method of obtaining the solutions are discussed explicitly in Appendix B.il -By developing a simple model to predict residual volume, area of the
slick, and average density of the oil as a function of the time after
the spill. The implicit assumption is that the properties It&a oil

(such as vapor pressure and average density of the residual oil) are

i!i weak functions of time. The variations of these properties were

determined empirically using the results of the mutli-component

oil-slick model. The results of the simplified evaporation model were4 compared with the multi-compnent oil-slick model to determine the

limitations and the accuracy of the simple model.

The formulation of the simple evaporation model is discussed below. The

computation procedure is demonstrated in section 3.4.
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3.2 Model Development

3.2.1 Loss of Oil Due to Evaporation

In formulating the simple evaporation model we made three assumptions:

-The oil slick is homogeneous in the horizontal and vertical directions

and is of uniform height.H -The spill is radially symmetric.

-The oil can be characterized by a single component and the physical
properties of the oil can be taken as quasi-steady.

These assumptions enable us to solve the equations analytically. Rewriting

the conservationn of mass equation, we obtain:*
" i dV kV- A(t) (3.1)

Further, we assume that the evaporation flux is given as:

k = k0UP (3.2)

Here k0 is an empirical evaporation constant. Fay's model (1971) was used

to evaluate the area of spreading in equations (3.1). In essence, the

spreading is broken down artificially into three stages: the

qravity-inertia, gravity-viscous, and the surface tension regimes. The

expressions for the radius of the slick in these regimes are given in

Appendix B. Only the results of the analysis are presented in this
I , section. We introduce the following variables:

V: / v V/ T= tl /2

17= G =g (1 -A)
Using Fay's exj:essions, the time of transition from the gravity-inertia

I regime to the gravity-viscous regime is given by:

*For identification of symbols, see "Nomenclature", page N-1
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t 056(V G- )1w/3" (3.3)

The transition time to as a function of the initial volume Vo for

various types of oils is plotted in Figure 3.1. Even for the large spill

volumes (e.g. 10,000 cubic meters) the transition time to is typically

less than 1/2 hour (see Figure 3.1). We assume that there is no evaporation

during the initial gravity-inertial spreading. The expressions for the

remining volume and the area of the slick in the gravity-viscous and surface

tension regimes are:

-" Gravity-viscous regime:

-v v 0  Clglf h1 .P (- 3/2 (3.4)

A = c2f 2g 2h2V / 3  (3.5)

where the symbols used in equations (3.4) and (3.5) are defined as:

I 0.670k0/(~wI1/6 -5/12

C 2 = 3.02 g-1/1
2/7) w1/6

f i =V-1/12 f O1/12(36

1 0 1
gl =  (1(_,A )3/4 g2 = i- 14

1/3 1/3

hI = (1 -& R) /R h = (1 -jA R)

and

-r,= 0.546 (VOG/7) w2) 1/6 (3.7)
0

Surface tension regime:

V = vo ( V / V-5/2 (3.8)

A = c fgh (3.9)

where:

c =3.217k -1/12 
( )g5/4

Li 3 0  Wc 4 --8.041,) w -1/12/°w- 1g3/4 (3.10)
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Figure 3.1 Duration of oil Spread in the Gravity-inertia Region
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f3"v-/12 14- o/4
3 = O4 0 V

g3 =  '/ (1- )/4 g 4 
=  7( 1 -8) 3/4 (3.10)

h3 = l/R

Here 1 is the transition time from the gravity-viscous regime to the
surface tension regime and V1 is the residual volume at i" The

transition time is given by the expression:

l 0.375 Aw G56twl/3 v2 / 3 / vol/6 (3.11)(r w0
Equation (3.11) shows the transition time Z 1 as dependant on the

residual volume given by equation (3.4). In principle, it is necessary to

solve equations (3.4) and (3..1) simultaneously to obtain an accurate value

of r 1  Because P and R are functions of T, it is very difficult to

solve equations (3.4) and (3.11) simultaneously. However, a greater degree
of accuracy in estimating Zi is not needed. In practice, one can

obtain a value of Zi on a trial and error basis.

The two quantities that are not defined in equations (3.4) and (3.8) are

P and R. R, by definition, is the ratio of the average density of the

remaining oil in the slick to the initial density of the oil. Since light

fractions evaporate rapidly, the density of the remaining oil increases with

time. The other factors which affect the functional dependance of R are the

wind velocity and the slick temperature. P, the vapor pressure of the oil,

is a function of the nondimensional time. . The initial value of P is

very high and corresponds to the vapor pressure of the lightest fraction in

the oil. As the lighter fractions evaporate, the vapor pressure decreases

and the tendency to evaporate also decreases. The vapor pressure is a

function of the temperature of the oil slick. The variation of P and R with

nondimensional tine are determined empirically using the results of the

multi-component oil slick analysis. The functional forms of P and R are:

SP, ) = alTs 0 66  exp(-a2Ts0 * 2 2 ( - 0) ) (3.12)

R(V 1 l+ b T0 2  2 U 2(3.13)
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Here a,, a2, bl, and b are dependant on the type of oil and Ts is

the temperature of the slick in degrees Celcius. The numerical values of

these constants for different types of oils are provided in Table 3.1.

3.2.2 Loss of Oil Due to Aerosol Formation

Small droplets of oil are formed because of the impact of breaking waves

on the oil slick and whitecaps on the ocean. No theoretical model or

experimental evidence is available to estimate the loss of oil due to

aerosol formation.

Based on some of the information available on salt sprays in the ocean,

we estimate the droplet density flux to be 102 to 103 droplets per

square meter per second. The typical diameter of the droplets is about 50

microns. The total oil loss due to aerosol formation can be estimated once

the area of the slick is known. For a 10,000 cubic meter spill, at the end

of 2 hours, the total amount of oil loss in the form of aerosols is about 1

cubic meter. At the end of 24 hours, the oil loss has increased to about 20

cubic meters. These losses are small compared to the oil loss due to

evaporation, and we will ignore the effect of oil loss due to aerosol

formation.

3.3 Model Limitations

In the preceding section, we developed a simple model to account for the

loss of oil due to evaporation. The expressions derived in section 3.2.1

were based on the premise that the properties of oil, such as the decrease

in the vapor pressure and the increase in the density, were very slow

varying functions of the nondimensional ti me. The functional forms of these

properties were determined empirically, using the results of the

multi-compnent slick model.

The validity of the simple model is tested over a range of initial

volumes (100 to 10,000 cubic meters), wind speeds (5 to 20 meters per
second), and slick temperatures (10 to 25 degrees Celcius). The remaining
volume, R, and density of the oil slick predicted by the simple model were

compared with the results obtained by the multi-component slick model.

Because of the nature of the assumptions made in developing the simple

model, the model has certain limitaions, which are discussed below.
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Table 3.1

Constants to be Used in Equations (3.12) and (3.13)

Coefficients

Type of Oil a1  a2  2

Light Crude 350 9.67 x 10-5  4.2 x 10.5  0.62

Heavy Crude 27 2.47 x 10-  3.5 x 10 1.05

Fuel Oil #2 4.6 1.56 x 106 (no change in density)

Fuel Oil #6 (no evaporation) (no change in density)

Table 3.2

Maximum Residual Density of Various Oils

Maximum Density

Type of Oil max(kg/)

Light Crude 965

Heavy Crude 1060

Fuel Oil #2 890

Fuel Oil #6 970
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3.3.1 Prediction of the Density of the Residual Oil

The nondimensional density of the residual oil was given by equation

(3.13) which is repeated here:

0  1 + bTs 0.22 u°.32  o)b2 (3.13)

This equation indicates that for a given slick temperature and wind

velocity, the density of the residual oil in the slick increases with time.

However, the upper bound for the average density is the density of the

heaviest hydrocarbon present in the oil. If is the density of the
max

heavy fraction, then the time to reach max can be calculated using the

A.Z above expression. The time to reach maximum density can be calculated by

, Iinverting equation (3.13):

, (1/b2)
a x ('Pm / 0 - ) /(bi b. 2 2 U0.32 (1+/b2  (3.14)

PM axas U

* For nondimensional times exceeding that associated with P max' the

density will be constant and is equal to m The maximum permissible

density for various types of oils in indicated in table 3.2.

3.3.2 Prediction of the Vapor Pressure Variation of the Oil

The vapor pressure variation of the oil is

P() = a1Ts0.66 exp (-a2Ts0.22 (0- ) ) (3.12)

As mentioned above, the evaporation flux is directly related to the vapor

pressure and decreases with time. The evaporation rate increases with time

due to the enhanced area of the slick. The implicit assumption in this

expression is that evaporation flux decreases exponentially. This is true

i during the initial period of evaporation when the light fractions in the oil

are evaporating rapidly. The heavier fractions do not evaporate to any

appreciable degree and the variation predicted by the above expression is

not valid. In fact, it is possible to estimate an upper limit for the

nondimensional time beyond which the present evaporation model is not

valid. This is given by equating the derivative of equations (3.4) and

(3.8) to zero. The approximate solutions to the resulting algebraic

equations are:
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V C 3/2a2Ts 0.22 in gravity-viscous regime

(3.15)
c 5/2a 0.22 in surface tension regime

The evaporation model developed in this chapter will not yield satisfactory
results for times greater than the critical times defined above.

. IThe limitation on the applicability of the evaporation model does not

present a serious problem. Even for moderate initial volumes of spill

(10,000 cubic meters), an average slick thickness of about 3 to 4
i millimeters is reached when the nondimensional time is equal to the critical

time shown above. When the thickness of the oil slick is this small the

interaction of ocean waves with the slick, may become a more dominant

mechanism by which the oil.

3.4 Appliction of the Simple Algorithm

In this section we demonstrate the use of the simple algorithm developed

in section 3.2 to predict the residual volume and surface area of an oil

slick. The relevant equations are dedefined and given new numbers.
Step 1 Using the user-defined quantities, determine the following

parameters:

A /o/Pw (3.16)

G = g(l -A) (3.17)

T = V0
1/ 6 G-I/2  (3.18)

Unless otherwise specified use these properties of water:

Aw= 1000 kg/i 3  g = 9.81 m/s 2

7)w = 1 x 3.0-6 m2/s

k0 is an empirical constant :o determine the evaporation flux, equal to

1 x 10-8 seconds squared per 'rvwter squared.

Using Table 3.1, determine the constants a1 , a2, bl, b2. Unless

otherwise specified use Pma = 990 kilograms per cubic meter.

Step2 Determine the times for transition from gravity-inertia to

gravity-viscous and from gravity-viscous to surface tension regimes:
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= 0.546 (VoG/) w2) 1/6 (3.19)

To determine Zl 1, assume that there is no evaporation and use the

original volume VO in equation (3.11). This leads to:

= 0.375 (0w /o) G5/61) 1i3Vi 2W 0 (.0

'I Typically 10 to 20 per cent of the original volume evaporates in the gravity-
viscous regime, so this procedure will overestimate the value of 'Vi by

about 5 to 10 per cent. A more accurate value of T1 may be calculated at

a later stage using the following expression:

0.7 w G5/ 6Tw 1/3 V 02 3  -1/6t; :ir 0.375 (P /' V 0/ (3.21)

Determine V and V
I max

c= 3/2 a2Ts; if Zc > Zi then c = 5/2 a 2Ts  (3.22)

T022 o0.32 12
.0 1) / b O- . (1/b2) + 0 (3.23)

Step 3 Nondimensionalize the user defined times.

Step 4 Determine the density and the vapor pressure at various times

specified by the user:

R=1+biTs0 22 U 0 3 2 -T 0) (3.24)

P = alT 0.66 exL( 0)(-aT 0 2 ) ) (3.25)
1ls e0p 2 2s

Note: If tisgreater than Z max' assume e equals jm" ,-

If is greater than "' c' calcualte P t ZT' equal to "

Step 5 If the nondimensionalized, user-specified time is less than if

use equations (3.26) and (3.27) to determine the residual volume and the area

of the slick. If r' is greater than Vi' use equations (3.28) and (3.29)

to determine the residual volume and the area of the slick:

~V (1 - c 1 jglh1 UP (Z~ ' 3 2  3(3.26)

A = c2 f 2g2 h2V2/ 3 V 1/2 (3.27)
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V V ( 1 VA- ~ 3g3 h 3 P (U~-L~))(3.28)

A = c4f4g4 '3/2  (3.29)

where the various symbols are defined as:

cI  0.670 k0 / W
1.!/65/12lw) c2 = 3.02 g1/2 /)w1

S 3. .217 k0 ( 1/2 2 5/4 8.04 / 1/2 /wg3/4

3.7 0o() / iw g) c4 =8.4 (VJ
2- 1/12 1/12

V0-7/12  f = 1/4

' gA= 1 /A (i g2  1 / ( 1 - /4

g3 
=  /A( -6) g45=4 94 /(1 -A 3/4

h= (I AR) 1/3/R h2 = (1 -A R) 1/3

h3 =1/R

and V1 is the remaininq volume at calculated using equation (3.26).

Note: if T' is greater than T-c' calculate V at Z equal to 'c

using equation (3.27) or (3.29).
~Step 6 To determine the slick thickness divide the residual volume by the

area of the slick.

h(tO) = V( r)/A(z ) (3.30)
to obtain the evaporation flux use the equation:

k = k0 UP (3.31)

Step 7 Surtiarize results by tabulati.ng the r'esidual volume V: slick surface
Iarea A, slick thickness h, and average density' of residual oil p a

function of time. These results will be used as input to the droplet

formation model discussed in Chapter 4.

3.5 Conclusions

The conclusions of the evaporation model are:

-The inputs to the model are the type of oil, initial volume spilled,

wind velocity, and slick temperature.

-The outputs of the model are the volume remaining, the area and the

thickness of the slick, the average density of the oil in the slick, and

the evaporation flux.
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4. DROPLET FORMATION MODEL

4.1 INTRODUCTION

In Chapter 3, we developed a simple model to predict the evaporation loss

of oil from a slick. We indicated that evaporation is the primary means of

mass transfer from the slick during the initial stages of its existence.

Since the lighter components of the oil evaporate rapidly, the evaporative

flux decreases with time. Further, the thickness of the slick decreases with

time, and the interaction of the oil slick with ocean water begins to

dominate the mass tranfer process. At sufficient'.y large times after the

S.1 1 spill, the loss of oil due to evaporation is expected to be small compared to

the loss due to dispersion of oil in the form of fine droplets. In this

chapter, we discuss the droplet formation models and present a simple

formulation to predict che droplet size.

I Our objective in selecting a model is based on developing a simple

sequential algorithm to determine the sizes of droplets that are formed by

the turbulence in the ocean. We have approached the problem in the following

manner:

-We used the Raj (1977) model to determine the maximum size of the

droplets.

-We used the model developed by Milgram et. al. (1978) to determine the

smallest size of the droplets.

These two droplet formation models are discussed in detail in Section 4.2.

4.2 MODEL DEVELOPMENT

1 4.2.1 Determination of the Largest Droplet Diameter

Raj (1977) considered the floating oil slick subjected to wave action

The force acting on a droplet of oil tendirg to separate from the slick is

primarily due to turbulent pressure fluctuations. The restoring forces are

'A" due to buoyancy and surface tension. A droplet is formed when the separating

forces are greater than the restoring forces. This condition is given by:

< *I *( 2/),.., ~ 3__PP
- ,) ll12?d o Qg (I - ) + Z f7 d (4.1)

suction buoyancy surface-tension
7 force force + force
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Where the turbulent pressure fluctuation is given by:

p I /2 u 2  (4.2)

The minimum turbulent intensity in water when a droplet is formed is given by:

/-, 1/2

u.2  643 Rt( (4.3)
-- ) "-OW )0.,/ 40w

--<The size of the drop formed at the above intensity is given by:

mad = 12,/g(w _-)) (4.4), ItMax /P

Using a second approach based on Kelvin-Helmholtz instability, Raj (1977)

arrived at a critical diameter given by:

a r (rig (-,,O -,) 1/2 (4.5)

Since equations (4.4) and (4.5) yield approximately the same value for the

droplet diameter, we used equation (4.4) in our prediction procedure. When

the slick thickness is smaller than the droplet diameter predicted by

equation (4.4), The maxiw,.m droplet diameter is assumed to be equal to the

slick thickness.

4.2.2 Determination of the Smallest Diameter of the Droplets

Milgram et. al. (1978) used the Kolmogoroff-Hinze criterion for the

splitting of droplets in the inertial subrange of turbulence. Under the

influence of turbulence created by breaking waves, an oil slick will be

broken up, or split, into many oil droplets. These droplets, in turn, may

split into smaller droplets. This cess will continue until the forces

tending to split the oil droplets are balanced by other forces tending to

maintain their integrity.

In the inertial subrange of turbulence, the dominant splitting force is

due to dynamic pressures, and the restoring force is doe to surface tension.

The ratio of these two forces is the Weber number and is given:

We 2 (4.6)! PwVd 2 d

Here Vd is the r.m.s. velocity difference, given a distance of d.
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If the Weber number is equal to unity, and d lies in the inertial

subrange, the splitting and resisting forces will balance and the splitting

process will cease. The smallest droplet size in that case will be on the

same order of magnitude as this value of d. If the oil is subjected to the

turbulence of breaking waves for a prolonged period, all the droplets of size

JI'j larger than d will be split, and d will represent the typical size of

droplets.

One does not know a priori if the splitting of oil into droplets takes

place in the inertial subrange. One can compute the Weber number at the

turbulent microscale to determine whether splitting takes place on such a

small scale. The microscale Weber number is given:

* '1/4

We 0.6 c7ef;_) (4.7):~~~ 1/ .6pl2 )  5/4

Velf
Here the effective viscosity is used to determine the effect of slick

-] thickness on breaking waves 7 eff is defined:

-9 = (I - " + h/t (4.8)
eff I/tl)00

where tI is the thickness of the turbulent bore. An approximate estimate

of t1 is:

tI  0.001 g/6- 2 (4.9)

The r.m.s. velocity difference Vd in the inertial subrange is given by:

Vd2 = 103 /2 4/3 d2/ 3

0 1i0 (4.10)

With equation (4.7), the expression for the Weber number becomes:

We = l0-3/ 2  ) 2/1 /(wg4 /3d5 /3) (4.11)

The minimum droplet size may be estimated for equation (4.8), once the

critical Weber number at which the splitting ceases is known. Milgram et.

al. (1978) have chosen a Weber number of I to determine the minimum droplet

size.

There are documented cases (such as water drop splitting in jet streams

from fire sprinklers) where drop splitting occurs at a Weber number of about

10. Using a limiting Weber number of 10, the expression for minimum droplet

size is:
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3/5 2/5

d -0. 03 (4.12)
0 w3/5 g41 5

If the microscale Weber number is less than 10, then the smallest droplet

size will be the same as the microscale . The droplet diameter is given

by:

114 9;c)13/46<) eff 3

d M0.6 (4.13)
0 1g/2

If the thickness of the oil slick is small compared to the size of the

turbulent bore, yet large compared to the droplet size it will not influence

the results. When the thickness of the oil slick is small compared to do ,

the size of the smallest droplets will be reduced. The parameter governing

the thin slick is still tbe Weber number, and equation (4.12) gives the
k"J" length scale, do, at which the inertial forces and surface-tension forces

balance. In this case, d represents the diameter of the smallest portions
0

of the slick which nrse broken off to form oil droplets. Milgram et al.

(1)78) demonstrate that this "thin limit" minimum droplet size is:

d =d 2 /3 hl 3  (4.14)
0 0

Where h is the average thickness of the slick. Since d is smaller thand. 0 these droplets will not split further.

Details on the Weber number criteria and the effect of slick .Lckness

on droplet formation are described in Appendix C.

4.2.3 Size Distribution of Droplets

There is no theoretical or experimental evidence to estimate the number

distribution of droplets of various sizes. Using existing theory, one can

determine the dimensions of the smallest and largest droplets which are

formed in a given sea state. For mathematical simplicity, we shall assume

- - that the number distribution of droplets is linear, with the number of

smallest droplets at the maximum and the number of iargest droplets at zero.
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4.3 MODEL LIMITATIONS

In the preceeding section we developed a simple model to estimate the

maximum and minimum size of droplets that are formed in a given sea state.

We accounted for the effect of the oil slick on the damping of breaking

waves by assuming a weighted-average viscosity.

Viscosity, defined by equation (4.8), is based on the relative thickness

of oil slick and the turbulent bore in the face of the breaking wave. The

effect of this increased viscosity will be an increase in the microscale of

turbulence, and a decrease in the microscale Weber number.

At present, there is no information available to validate the effect of

slick thickness on the microscale of turbluence. As long as the Weber

number based on that microscale is larger than the critical Weber number for

droplet formation (which in this case is assumed to be 10), the slick

thickness will not affect the size of typical droplets given by equation

(4.12). If the microscale Weber number is significantly smaller than 10,

the viscous effects are important and the Weber number is no longer the sole

criterion for the splitting of droplets. For simplicity, we assumed that

the size of droplets is the same as the microscale of turbulence when the

Weber number is less than 10.

We assumed that the number of droplets varies linearly with droplet

size. Physically, it is justifiable to assume that the maximum number of

smallest droplets and minimum number of largest droplets occur during

breaking wave-slick interaction. The number distribution of various sizes

of droplets is unknown and the assumption of linearity is made for

simplicity.

More experimental data may yield useful results pertaining to the

damping of waves in the presence of oil and the number distribution of

droplets of various sizes. Once such data is available, these models may be

improved to correspond with a more realistic situation.

4.4 APPLICATION OF THE SIMPLE ALGORITHM

A simple algorithm to determine the diameters of the largest and

smallest droplets formed by the action of breaking waves is presented here.

The inputs to this algorithm are the physical properties of oil and water,
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description of the sea state, the thickness of the slick, and the average

density of oil in the slick. The last two quantities are output from the

evaporation model described in Chapter 3.

Step 1. Determine the wave frequency:

Cv) = 0.7 g/u (4.15)

The wind velocity and the significant wave height are related by the

$, empirical expression given by Pierson and Moskowitz (1964) which is:

H1/3 = 0.283 (U2/g) (4.16)

Step 2. Determine the thickness of the turbulent bore:

t I = 0.001 g/6) (4.17)

) Determine the effective viscosity:

= (1 - h/t + h/t (4.18)e ' ff 1 O

If 2 eff < V)o' then assume )eff o

Step 3. Determine the microscale Weber number

q" 1/4
We = 0.6 (4.19)

1/2 ef5/4

Step 4. Determine the size of the smallest droplets using:
(1/4e f 3/4

if We 10 then d = 0.6 /4

0 I l/2

3/5 2/5

if We, 10 then d' = 0.03 (4.20)

If h >, d' then d = d'o; where h is the slick thickness.

0 0 0h1/3 2/3
If h < d'othen do= do

Ste_ 5. Determine the size of the largest droplet using:
. I-

ld' 12 V-g( - (4.21)max

If h > d' then d = d' m where h is the oil slick thickness.
max max max;"

If h < d' max then d = h.
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Step 6. Assume a linear number distribution for droplets with a maximum of

size do, determined by equation (4.20), and zero at dmax determined by

equation (4.21).

Note: If the thickness of the slick is smaller than do, given by equation

(4.20), then assume that all the droplets have a typical diameter given by

d in equation (4.20).0

Step 7. Summarize all the results in a table.

4.5 CONCLUSIONS

The conclusions of the droplet formation model are:

-The inputs to the model are the sea state (characterized by the

significant wave height), slick thickness and the average density of oil

* in the slick (the last two are the output of the evaporation model

discussed in Chapter 3).

-The outputs of the model are the diameters of the largest and the

smallest droplets that are formed.
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5. DROPLET DISTRIBUTION MODEL

5.1 Introduction

In the preceding chapter we presented a simple model to determine the

maximum and minimum diameters of the droplets which are formed by the

interaction of breaking waves with the oil slick. In this chapter we will

present a mathematical model to predict:

-the maximum depth of dispersion of oil droplets

-volumetric fraction of the dispersed oil.

The input data to this model are the sea state conditions, the physical

characteristics of the oil slick, the droplet dimensions, and the time since

the spill.

The model is exercised for a broad spectrum of input data and output

information and is compared to the Massachusetts Institute of Technology

tests (Milgram, et. al., 1978). The accurFncy of the model predictions is

discussed. The proposed model is a set of analytical equations solved in a

sequential way, given the aid of a pocket calculator or tables presented in

this work. The droplet dispersion model is developed in Section 5.2.

Section 5.3 then discusses the limitations of the model, and the

step-by-step calculation procedure is developed in section 5.4.

5.2 Model Development

5.2.1 Assumptions

We have assumed that the reader of this chapter has an overview of the

basic physical mechanics of globular dispersion. Discussions in the

following sections are brief and oriented towards the theoretical approach

employed.

Recent experimental results (Milgram, et. al., 1978) indicate that when

a wave breaks in an oil slick, oil droplets are dispersed to depths

significantly larger than the depth of the turbulent bore on the face of the

wave, and these droplets reach their maximum depth well after the b-.aker

has passed. It appears that the dispersed oil is not driven down so much by

the direct action of the breaker, but rather is entrained in the -;Ike of

turbulence which lies behind the wave. After the droplets reach their

maximum depth, they rise due to buoyancy forces. The ambient turbulence
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- encounterd by the droplets, due not only to waves breaking, but also to

other forces of oceanic turbulence, will affect the rate of rise in a random

fashion.

The vertical dispersion of oil slicks by breaking waves is a complex

process which has not been fully described mathematically. Liebovich (1975)

proposed a model for predicting the probability density function for the

position of an oil droplet, assuming it was originally dispersed to some

depth by a breaking wave. Liebovich estimated the fraction of oil entrained

in globules in the upper sea layer, but Milgram et. al. (1978) concluded

that conceptual errors invalidate some of those results. Raj (1977)

-. proposed a stochastic model to obtain the time history of the probability

density distributions for the positions of the oil globules in water in

. order to estimate the time dependant mass of oil in the water column.

Milgram et. al. conducted experimental research to determine the maximum

depth to which oil droplets are entrained by the water of a breaking wave.

C' They seperately verified certain assumptions made by Liebovich and Raj and

proposed a methodology to mathematically predict the maximum and average

depth to which oil droplets might disperse.

* The analysis in the following sections relies on the work of Milgram and

uses Liebovich's results to a lesser extent. The main assumptions made in

developing the model are:

-The droplet dispersion is driven mainly by the turbulent wake which

lies behind the breaker.

-The rate at which droplets are driven downward equals the difference

between the wake growth rate and the terminal velocity of the oil

droplets in calm water.

-Actual droplet velocities are the net velocity arising from the

turbulent velocity fluctuations and the terminal rising velocity of the

droplet.

-Sea state conditions can be described via the significant wave period
and the Pierson-Moskowitz sea spectrum.
-Only a fraction of the wave length, X , of a breaking wave is actually

1, IVbreaking. The fraction has been assumed to be 1/4, in the absence of

conclusive experimental evidence.

-The number of droplets entrained as a function of droplet diameter is

linear, with the maximum number of droplets exhibiting the minimum size,

d0, and no droplets exceeding the maximum size, d

0 5m
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5.2.2 Depth of Dispersion

Momentum of a Wake

Wave kinetic energy and momentum dominate the dynamics of the uppermost

10 meters of the ocean waters. As the wave system loses momentum flux, a

corresponding increase in non-wave momentum takes place. The momentum is

contained in the turbulent wake. The rate of loss of momentum flux per unit

crest length (A) is proportional to:

),A PwCUb (5.1)

where Pw = density of sea water

C = phase speed of wave
p

U = maximum wake velocity
w
b = thickness of the wake.

Milgram, et. al. proposed these analytical expressions for A and b:

Sg HI/ 3  (5.2)

b = 1.14 (At/ pCp)l/2  (5.3)

Where H1/3 is the significant wave height. The experimental results from

Duncan (1979) further support the t1/2 dependence of wave thickness.

Time Dependant Droplet Depth

Milgram, et. al. (1978) assumed the maximum rate at which oil droplets
will be driven down to equal the difference between the wake growth (db/dt)

and the terminal velocity W of the oil droplet in calm water. When making

this assumption, the time dependant droplet depth equals:

Z (t) = 1.14 (At/p,C,) 1/2 - Wt (5.4)

the maximum depth which the droplets can reach equals

z = 0.32 A4 0.0 (5.5)wgW W

the maximum depth is attained after time t of downward flow:
0

00

t o  0.32 (5.6)
"i 2pw p W

"IThis time equals the rising time of the droplet (z0/VI by definition). The

characteristic separation time of an oil droplet equals:
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z0

t = 2  0 (5.7)
c W

which represents the separation time from the slick.

Terminal Velocity

i When droplets are released at a certain depth z0 , they rise through

the water at their terminal velocity. The terminal velocity is dependant on
the buoyancy forces tending the move the droplet to the surface and the drag

force resisting the movement. The drag force acting on a droplet is a

function of the Reynolds number of the droplet.

For Reynolds numbers up to about 10, the flow around a droplet may be

considered to be Stokesian flow. The drag coefficient in such a flow is

inversely proportional to the Reynolds number. The terminal velocity is

* igiven by:

gd 2 (
.d(1 -=) (5.8)I w = w

Here A is the density ratio / w.

The drag coefficient becomes constant for Reynolds numbers greater than

about 100. The value of the drag coefficient is approximately 0.5 and the

terminal velocity is given by:

W = ( 8/3 gd (1 -,A ) )1/2 (5.9)

It is possible to determine a critical diameter at which the drag

coefficient becomes approximately constant. This can be obtained by

equating the Reynolds numbers for the two different situations dascribed in

equations (5.8) and (5.9), and Eolving for d, The droplet diameter is given

as:

, = 9. 527OW / 3

d *95L1 2 3 (5.10)dc gl1/3 (i - )1/3 (.0

The Reynolds number corresponding to the diameter d is approximately 50.
c

For droplet diameters less than d , equation (5.8) is used to determine the
c*

terminal velocity. For droplet diameters greater than d , the terminal. c
velocity is given in equation (5.9). These equations are graphically

presented in Figure 5.1.
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Relation to the Wave Length

The reason that waves break at sea is that they enter regions, or wave

groups, where the energy density is too large for them to support. The

excess in energy is generally not dissipated by a single wave, but rather by

: a series of waves. Since the wave group moves at half the wave velocity,

each wave breaks one wave length further downwind (Donelan, et. al., 1972).

When droplets are very deep, the wake region they are impacted from is due

to a series of breaking waves, rather tian a single breaker. If z0 is not

small compared to the size of the region within which waves break, the model

C can no longer reliably predict the depth of dispersion. In this case,

Milgram et. al. (1978) approximated the maximum depth of the droplets as

equal to the wave length, . In this situation, the characteristic

(separation) time of the droplet can stated by:

t +- - z (5.11)
c 0

5.2.3 Dispersed Oil Volume

Knowledge regarding the sea state condition is important for estimating
tne oil volume dispersed. The latter is estimated per unit width of oil

slick, and for each formed droplet size separately. The total oil volume

dispersed at a specific time equals the sum of the volume estimates for the

various droplet sizes.

Sea State Condition

The present analysis considers the sea state condition by means of the

significant wave period, and the assumption of a Pierson-Moskowitz sea

spectrum (Raj, 1977). Given this assumption, one can show that the number

I) of wave breaking events (N) per unit time within the area of the oil slick is

1 A/2-IA
N = Pr 2"A4 5.12)2  7r

A where Pr = probability of the wave breaking

A characteristic size of the slick

= zero crossing frequency of waves from the Pierson-Moskowitz

spectrum.

Shuleikin (1967) assumed a Rayleigh distribution of waves and arrived at the

following expression for the probability of exceeding a given wave height

* 2
Pr = exp (-7/4 (H/H) ) (5.13)

where H = the average height of waves. It is interesting to note that
a
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Figure 5.1 Variation of Droplet Terminal Velocity with Diameter (RAJ, 1977)
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[ I the probabiltiy of waves breaking given in equation (5.13) is independant of

the significant wave height. This is primarily because higher waves also

have longer wave lengths and the steepness of the wave is independant of sea

state. This conclusion contradicts the empirical estimate of wave breaking

events given by Van Dorn (1974). Wu (1979) reviewed the results of whitecap

coverages of the ocean surface obtained by several investigators in both

' Atlantic and Pacific Oceans. Wu's (1979) results indicate that the

variation of whitecap covereage with wind velocity is strongly related to

the rate of energy supplied by the wind and is given by:F>-6 3.75A c = 1.7 x 10 U10 (5.13a)

where A = fraction of area covered by whitecaps

.10 wind velocity at a height of 10m above the ocean surface.

Only a fraction of the area covered by whitecaps is actually subject to

breaking. This fraction is dependant on the sea state and can be
F • signficantly modified by the presence of oil. In our analysis we will

assume that 10% of the whitecap region is subject to breaking. The

probability of breaking is given by
• - 3.75

Pr = 1.7 x 10- 7  U 0  (5.14)

Clearly, more information in the area of determining wave breaking

probabilities will be useful.

( Volume of Dispersed Oil Droplets

Liebovich (1975) derived the probability density function (PDF) for the

position at time t of any droplet released at z = z0 and t = 0 in

homogeneous stationary turbulence. He found the distribution of turbulence

to be Gaussian, with the variance of position approaching the value tKT

(where KT is diffisivity), if the time of rise is large with respect to

Athe integral time of the turbulence. Milgram et. al. (1979) concluded that

although certain of Llebovich's results are accurate, they do not address
the question of the rate of oil entrainment, and that the vertical

distribution of small droplets may be described more simply by the wake

growth similarity theroy.
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The probability that a droplet of diameter d, terminal velocity wr

released at depth z0 at time t = 0, is still dispersed at any time t is

given by:

f(z,t)dz - 1 t fi/2/ (5.15)
2 1/2) (.5

0 2 2KTt

where erfc is the complimentary error function. The turbulence diffusivity

was established by Ichiye (1967) to be:

KT  = 0.004 H2  (5.16)

The rate of entrainment of oil is given by:

_4hAA_1/ Pr!Aa)V = 4 8 (5.17)
4 8'/r

This represents the volume of oil entrained by breaking waves per unit time

over the width of the slick. We have assumed an given characteristic wave

length, and that the breaking region comptises 1/4 of that wave length.

2I Using equations (5.13), (5.15), and (5.17) and keeping track of thf.

proiess of droplet formation, dispersion, and ultimate rise of oil drophecs

to recoalesce with the surface slick, we can find the total volume of oil

dispersed in the water column at any time t (after the spill) and contained

in droplets of diameters between d and d + d as:

t 1 ( 0 w(t - t' - 2 to)

Vd(dt) = 9(t')dt' + 2 f(t') erfc (t .- . . dt' (5.18)
(2K (t - t' - t)/St-t 0  9

Total Dispersed Oil Volume

To determine the fraction of the entrained volume within a given size

range, it is necessary to adopt an assumption regarding the droplet size

dsitribution. There are no reliable observations or theoretical estimates

of the actual .Aze distribution.

For this model, one of the simplest plausible distributions has been

adopted. It is assumed that the number density of oil droplets is at a

maximum at d and decreases linearly to zero at dm, as shown in figure0
5.2. This function, g(d) is given by:

g(d) = a(dm - d) (5.19)

where a is some constant. This implies that within a range of diameters d

to d +, /d there are g(d) droplets.
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"he volume of oil within a given size fraction d to d + d is

proportional to d . The volume is given by:

V(d) a (d -d) d (5.20)~m

This is shown in figure 5.3. We define the fraction of the total volume

contained in droplets, in the size range d to d + d as:

,, d V(d) dd

F d  (5.21)
d (d

V(d) dd

0

Th- denominator in equation (5.21) is given by

5 4 5
d d d d

a m m +

20 4 5

We further define.

andd d4  d)

and set tne denominator in equation (5.21) to unit volume. This leaas to a

definition of the value of the constant a as:

1 meter
3

a -
W

With this, the fractional volume in the diameter range d to d 4 d may be

redefined as:

1 d d 4  d 5  
Id + Ad)

Fd 4 - ) (5.23)

Giving a total volume of oil disperse,' as:

V (t) = FV (d) (5.24)
d d-

over the range
of droplet diameters

where V (d) is given by Equation (5.18).

5.3 Model Limitations

To avoid complicated an-lysis at incremental time steps, tne model

presented is based on the assumption that the droplet distribution function

at any timp Leflects slick and dispersion conditions. The implication of

this simplification is that the slick and envircnmontal conditions are

5-10
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changing so slowly that the droplet distribution at the time of analysis is

not affected by droplets formed in the distant past.

The above assumption fails when slick thickness or oil density is

changing rapidly, or when the sea state changes abruptly. Under these

conditions, the user is urged to carefully consider the potential effects of

such changes, and, if necessary, modify the integration of the complementary

error function over time to simluate step-wise changes in the entrainment

rate and diffusion coefficient. A recommended approach is:

-Calculate Vd at the time of a significant change in sea state;

-Estimate a new effective z0 by determining the depth of the center of

mass of the probability function; and

-use that depth as z0, at subsequent times, to track the distribution

of these "old" droplets, applying a currently valid K T . Droplets

dispersed after that time follow the standard procedure with the hnew"
KT and V.

- i Where past theoretical and observational studies have not yielded

conclusive relationships, certain assumptions have been adopted in the
A development of the model. The two most critical assumptions are the linear

variation of number ( - droplets vs. diameter, and the estimate that the

breaking portion of the wave encompasses 1/4 of the wave length. As new

information is developed, these assumptions may be replaced with more

accurate relationships.

Because of multiple scaling laws, it has not been possible to rigorously

scale the laboratory results of Milgram et. al. (1978) to ocean scales of

interest. By applying rudimentary Froude number scaling, the model

reproduces the order of magnitiude of z in Milgram's experiments. The

proposed model has not been validated or even tuned to experimental or

oceanic observations. This is a serious limitation which can only be

eliminated through field experiments in which oil globule concentrations and

size distributioAs were established as a function of depth under a

wind-generated wave field.

For a more detailed discussion of the assumptions and limitations of the

vertical distributions model, the interested reader is refered to Milgram

et. al. (1978).
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5.4 Application of the Simple Algorithm

In this section we present a simple step-by-step calculation procedure

to determine the total volume of oil dispersed in the water column as a

function of time. The inputs to this model are from the evaporation model

and the droplet formation model.

Step 1 Calculate the following ocean parameters:

(if only wind speed is given) determine the significant wave height

H 0.283 U2/g (5.25)
. ! 1/3

wave frequency and period

= 0.7 g / U
(5.26)T 2 ! r1  2

zero crossing frequency of waves from the Pierson-Moskowitz spectrum

= 6.83 /T 1  (5.27)

wave length

).= 211g /63 2 (5.28)

Step 2 Calculate N, the number of breaking events per unit time
1 t /2 -

N = Pr A e) (5.29)

where Pr = 1.7 x 10
- 7 U 3 .7 5

Step 3 Calculate the rate of entrainment of oil per unit time and unit

width of the slick.

" Nh kv h (5.30)
4

Step 4 Divide the range of droplets into four groups. Calculate the mean

diameter of each group using:

7d + d
d - 0 m
d1 8

5d0 + 3d

2 8
S3d +5d (5.31)

d 0 mo d3 =8 "

d + 7d
- 0 md4  8
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Determine W

d5 dd4 d5* m 04 d0

W = ddd d0  (5.32)
20 4 5

Dete,..ine the following diameters:

3d + d
d 0 m

a 4

d = m (5.33)
b 2

d + 3d
0 m

d c 4

Determine the weighting factors in each range

1 dd dd 4  d
Fd = ( a - - m a +

d1 W 4 5 4 5/

W 4 5 4 5

(d 4 5 4 (5.34), dmd 4d d mdb4  db5

Fd3 mc - c - mb + b
5 4 5

F 1 d d 4C
Fd4 =- 1  -m c + 1
4 W 20 45

Step 5 Determine the critical diameter

, 9.52V 
21/3

Sd - - w (5.35)c 9 1/3 (1 -A )1/3

For droplet diameters less than the critical diameter, use equation (5.36)

to calculate the terminal velocity. For droplets larger than the critical

diameter, use equation (5.37).

2
W = gd ( l -  for d d (5.36)

18 c
w

ii: ___1/2*

W (8/3 gd (-A) ) for d> d (5.37)
~c

Step 6 Calculate the maximum depth of dispersion for each droplet diameter,

using:

z 0.01 H (5.38)
w W
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Z 77 2 (5.39)

g

The mr-imum depth of dispersion for each droplet diameter is then given by:

z0 = Zw i w Z g

S(5.40)
z = z if9Z w g

Se 7 Determine the turbulent diffusivity

K = 0.004 H2  (5.41)

Step 8 Evaluate the volume dispersed for each droplet diameter.

Use the folldwing procedure to evaluate the integral in equation (5.18).

Divide t' into 8 parts. At t'/8, 3t'/8, 5t'/8, and 7t'/8, evaluate

- W(t - t' - 2 to)

(2KT (t- t' - to) 1/2

Calculate the error function using:

7 erfc (Xd,t') = I + erf (Xd,t') if Xd.t' 1 0
i (5.44)

erfc (Xdt,)= 1 - erf (Xdt,) if Xdt, . 0 (

The value of the error function can be obtained from Mathematical Tables.

For arguments greater than 2, the error function may be assumed to be

unity. The value of the integral is given by the sum of the four values of

the complementary error functions calculated above.

erfc X (5.45)over dt'

time
steps

(t 1 (5.46)
d d O 2 dd

Step 9 Determine the total volume of oil dispersed:

Vd(t) = Fd Vd(dl) + Fd Vd(d 2 ) + Fd Vd(d 3) + Fd Vd(d 4 ) (5.47)
1 2 3 4

5.5 Conclusions

-A mathematical model describing the distribution of oil droplets

dispersed in the upper ocean by breaking waves has been presented. The

model is designed to permit droplet distributions to be estimated by

following a simple step-by-step calculation procedure using a hand

calculator. The required inputs are the time since the spill occurred, the
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significant wave height, the significant period of the waves, the wind

speed, and the viscosity of the oil. Other inputs are results from models

described elsewhere in this report: oil density from the evaporation model,

area of the slick from the surface oil distribution model, and the minimum

and maximum droplet diameters from the droplet formation model.Li' The key outputs of this model are the maximum depth of dispersion and

the total volume of dispersed oil in the water column. By subtracting this
from the remaining volume resulting from the evaporation model, one obtains

the volume of floating oil.

' ! The computational procedure is not difficult and can be implemented on a

- hand calculator. The procedure is tedious because of the large number of

computations involved. It is recommended that the procedure be programmed

for several standard calculators and these programs be provided to eventual

users.

The model has not been calibrated or verified because of the lack of

relevant observations. The model has been used to derive the results

presented in the Table of Dispersion Predictions.

i
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6. SURFACE OIL DISTRIBUTION MODEL

6.1 INTRODUCTION

In previous chapters we developed simple models to predict the loss of

oil due to evaporation from the oil slick and due to interaction of the
, breaking waves with the slick. We also pointed out that at sufficiently

large times after the spill, the loss of oil due to evaporation is smaller

compared to the loss due to dispersion of oil in the form of fine droplets.

The amount of oil remaining on the water surface was determined by

accounting for losses due to evaporation of the oil and the vertical

dispersion of the oil in the form of globules in the water column. In this

chapter, we address the spatial distribution of oil remaining on the surface

of water.

The surface area of the coherent oil slick was given by the gravity-

inertia, graity-viscous, and viscous-surface tension formulae given in

Chapter 3. The area of the slick increases with time and the thickness

decreases. When the slick is thin enough, it is subject to wave action and

is broken into slicklets. The slicklets continue to spread and are subject

to horizontal diffusion. In this chapter, we have developed a model to

predict the extent of growth of the non-coherent oil slick as a function of

time. The model predicts the boundary of the floating oil slick and the

percentage of the bounded area covered with oil.

6.2 ASSUMPTION ON THE PARAMETERS

Wave breaking ruptures the slick and disperses oil vertically over a

limited area. When such action occurs near the edge of the slick, it is

possible to separate a small slicklet from the main slick. As demonntrated

by Raj (1977), separation of a slick into slicklets can only occur if the

mean crest length of the breaking waves is of the same order of magnitude as

the lenth or width of the slick. Non-shoaling breaking waves, or whitecaps,

are known to exhibit relatively small crest lengths. Generally, they are

much less than one wave length.

Raj's (1977) analysis indicates that non-shoaling breaking waves will

'4 not cause slicklet formation. It is apparent that one of the reasons for

this result is the assumption of a rectangular shape of the slick. Raj's

analysis is extended here to include irregularly shaped slicks.
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, For a rectangular slick, the length and width are the only pertinent

scales to compare the mean crest length with. When a real slick spreads on

the ocean it does not exhibit a regular, rectangular shape; nor does it form

a smooth oval shape.

The real shape of an oil slick under the action of wind and waves is

likely to be quite irregular. Basically, it is an oval shape with a

distorted edge, which is affected by the turbulent character of both wind

above and water below. Protuberances or fingers appearing at the outer edge

may be variable in length and width. These fingers may be separated from

the main slick by wave action to form slicklets. Slicklet formation is

hypothesized to begin at the edges and gradually to proceed through the

slick as fingers are separated. Although a variety of finger sizes will

form, only those of comparable scale to the crest lenth of the breaking

waves will be separated as a coherent slicklet. Larger fingers will not be

detached and may gradually disappear as an identifiable shape. Small

fingers will vertically disperse by breaking wave action, rather than

separate to form slicklets. The characteristic slicklet size will be

comparable to the mean crest length of breaking waves. In the droplet

formation model and vertical distribution model we assumed, in lieu of

specific observational or theoretical evidence, that the mean crest length

is 1/4 the wave length. This assumption is adopted here as well. The

typical slicklet size is 1/4 of the significant wave length (H1/3).

The distribution of oil on the surface is dictated by gravitational

spreading while the slick is thick. When the thickness is approximately a

few millimeters, it will begin to be broken up and dispersed by waves. The

thickness criterion for breaking waves is arbitrary. The actual critical

j thickness at which dispersion of oil by breaking waves becomes effective is

probably dependent on the size of the spill, sea state, and the physical

properties of the oil. A single critical thickness criterion has some

support in the extrapolation of experimental resvlts of Milqram et al.

(1978).

74 Considering the foregoing discussion, the model for the surface

distribution of oil is based on the assumption that the slick, under

gravitation influence, spreads uniformly until its thickness Jecreases to a

critical thickness, hc . At that time, the slick is fractured into

slicklets of characteristic size ?./4, and the slicklets are dispersed as
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any other passive contaminant.

The rate of spreading by turbulent diffusion is dependent upon the

intensity of tubulence and the length scale over ':hich the turbulence is

coherent. The assumed problem is described in a Lagrangian coordinate

system where slicklets move with respect to the center of mass of the

slick. In the diffusive spreading regime, oil is presumed to act like any

other substance in water, and turbulent diffusion aspects of the model are

insensitive to the physical properties of the oil. We assume that the oil

distribution during the gravity spreading regime is of uniform thickness and

- that the spread is isotropic. Spreading in the turbulent diffusion regime

approaches a Gaussian distribution of oil volume per unit surface area

*. (Obuko, 1972).

6.3 MODEL DEVELOPMENT

6.3.1 Interface with Evaporation Model
The volume V(t) and the radius r(t) of the unbroken slick were given by

Equations (3.5) through (3.12) in the description of the evaporation model.

The thickness, h(t), is calculated knowing the volume of oil and the slick

radius remaining at time t. It is necessary to exercise the evaporation
model prior to the surface oil distribution model and to establish the time,

tg, at which the slick thickness diminishes to the critical thickness,

hc. At this time the distribution of oil has a top hat profile, i.e., the

volume of oil per unit surface area is uniform for r r(t) and is zero for

r >- r(t). The horizontal turbulent diffusion process is responsible for

determining the area of ocean surface which is contaminated by oil,

requiring cleanup. The area acLually covered by oil can be estimated from

¢i r(t) by Equations (3.11) and (3.12) of the evaporation model. (Thisevprain Ti
approximation is not technically valid because under surface tension the

small slicklets will not spread at the same rate as the large slick.) The

total surface area contaminated by oil, A, and the surface of floating
oil, o, are illustrated in Figure 6.1.40
6.3.2 Initial Horizontal Diffusion of the Slicklet

, I The problem of horizontal turbulent dispersion of an initially finite-

sized cloud in the ocean has been investigated by Csanady (1973). His

review of the literature and discussion indicates that although the physics
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... ... Ao - Is The Area Covered by Oil

As - Is The Total Contaminated
*+ dL Area Requiring Cleanup

A a. At Any Time, Prior to Slicklet Formation; Slick Thicker than hb
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b. At a Time, Just After Slicklet Formation

c. At a Later Time After Slickiet Dispersion

- .Figure 6.1 Schematic of Surface Distribution Model
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of the problem is understood, a rigorous mathematical experession is not

available because of the complexities involved in describing the effects of

larger eddies on a finite-size cloud.

The dispersion is described in a frame of reference moving with the

center of gravity of the cloud. The speed of the moving frame is

approximately that of the mean current. Velocity fluctuations relative to

this frame of reference are responsible for dispersing the cloud.

Frequently called Taylor's theorem, the basic dispersion equation is:

= 2 (t)U(t')> dt' (6.1)
dt

where( = the variance or second moment of distribution of contaminant

around the center of gravity of the slick;

u = the fluctuating Lagrangian velocity relative tc, the center of

gravity of a particle at time t and t';

> = an ensemble average over all the oil in the slick.

By definition of the Lagrangian autocorrelation function, R(t'):
-t

d = 2<U2(t 5R(t')dt' (6.2)

The autocorrelation function, a decreasing function of t', can be

established by measurement, but there is no general expression. Figure 6.2

indicates schematically the expected shape of R(t') and gives a linear

approximation of that function. Using the linear approximation, we obtain:

U 2 (t)> t for t > t (6.3)d c c

where tc is assumed to be a constant. This assumption is supported by

Smith and Hay (1961). Integrating Equation (6.3), we obtain:

o- (t) = (a constant) + < U2 (t)> t t (6.4)
c

At time t = t , t being the time at which the slicklets are formed, the
g g

variance should correspond to the variance of the coherent slick. Further,

if there is no turbulence in I-he ocean, i.e., u 2(t) = 0, the increase in

variance should be the same as the increase in the variance of the coherent

slick. We now have

(7 2(t) -- 0
2 (t) tc (t - tg) (6.5)
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where(7,02(t) = the variance of the coherent slick:

a-2 (t) = r2 (t)/3 (6.6)

It should be noted that the rate of spread of the slicklets will be

significantly less than the rate of spread of the coherent slick. The

variance given by Equation (6.5) will always be greater than the actual

variance of the incoherent slick and represents a maximum-value estimcnte of

the total contaminated area.
2

The initial slick-averaged velocity covariance, U (t), will depend on
the size of the slick and turbulence intensity. The turbulence intensity

* can be expressed as.22 .2
caU + i0 (6.7)

where i is the background turbulence intensity and U is the mean.!o c

current speed. In oceanic conditions, observations to determine the value

of the constai.. 'a' indicate a wide scatter from 0.1 to more than 1. Values

of 'a' grater than unity indicate that the fluctuating components of

velocity are of greater magnitude than the mean current. This is possible in

the open ocean. An average value of a = 0.5 i3 assumed in the present

analysis. There is no experimental data on the intensity of background

turbulence in the ocean in absence of a current. The background intensity

is assumed to be zero in the present analysis.

The value of u 2(t) should approach the value of i2 as the size of

the slick increases. The slick-average velocity flucuation covariance,

relative to the center of gravity of the slick, cannot exceed the intensity

of Lhe turbulence spectrum. Slick size is expected to be positively

correlated with u 2(t). The velocity of a slickiet relative to the center
of gravity of the slick is bound to increase as the slicklet's distance from

the center increases because of the interaction with larger eddies. Aninitially large slick has a greater mean separation distance, slicklet

center to slick center. The functional dependence of u2 (t) with slick

size is unknown. It is difficult to conceive of an experimental design

which would allow one to measure this dependance. It is clear that the

appropriate function should approach i2 asymptotically as r, the slick

radius, approaches L, the length scale of the largest eddies. We assume the

following functional relationship for the velocity covariance.

6-7
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0. 2r(t) 1/2
<U2 (t)> = 0.5 U 2( r ) f or r t -

C f (6.8)
2= 0.5 U for r > L

The typical value of L in the ocean is on the order of 10 to 100 km.

The Lagrangian correlation time t will depend of the size of slickc
(characterized by its radius, r) and the fluctuating velocity of

turbulence. An approximate value for t is:

t = r(t)/3i (6.9)

Substituting Equations (6.8) and (6.9) in Equation (6.5), we obtain this

expresion to describe the initial stages of horizontal disperision.

2 3/ 1/2t le2C _ M + 0.23 U r (t) (t - t ) L - I 2  (6.L0)3 c g

By introducing the two assumed forms of covariance, the Lagrangian

correlation function R(t) and the turbulence intensity, the resulting

expression has little value as a fundamental characteristic of the

dispersion process. The extent of dispersion given by Equation (6.10)

exhibits the following essential behavior of the process:

-The extent of dispersion increases wih the current velocity. When the

current velocity is zero, the variance of dispersion approaches the

variance of spreading.

-The increase in the size of the slick also increases the variance of

dispersion. This functional relationship, by Equation 6.10 is r
1.5l.5 5-1/2

In fact, the coefficient U cr L can be thought of as a

diffusion coefficient. The measurements by Obuko (1971) show that the

i °increase in apparent diffusivity caused by an increase in thelength

scale can be approximated by:
1.1

diffusivity -, (length scale)

Within an order of magnitude, results from our expression agree with

Obuko's measurements.

-An increase in eddy size decreases the variance of the dispersion.

As Csanady discusses, this behavior is expected during the early growth

regime of a finite-size cloud having an initially uniform concentration

distribution. As time progresses, the contaminant will tend toward a

Gaussian distribution. Once the Gaussian distribution is attained,

subsequent slick growth will be indistinguizhable from the dispersion of an

instantdneous point source.
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6.3.3 Transition Time to Gaussian Distribution

The transition time, from top hat profile to a Gaussian profile, can be

estimated using the experimental results of Obuko (1971). The variance of

the coherent slick,Qr 2, at time t, is calculated using the formulae

described in the evaporation model. An estimate of the time for transition

from top hat to Gaussian, tG, is made using Figure 6.3. The ordinate of

Figure 6.3 is entered using the variance 07Q and the abscissa is taken as~g
the transition time, tG. For times between t and tG, Equation (6.10)G g
describes the variance of dispersion. For times greater than tG, a

Gaussian dispersion formula is used to determine the extent of spread.

Details of the Gaussian dispersion formula are given in the following

section. The value of t given by this procedure will serve only as a
G

first approximation. The actual value of the Gaussian transition time is

determined on an interactive basis. Details of this procedure are given in

Section 6.5.

6.3.4 Gaussian Dispersion Formula

Obuko (1971) studied the diffusion of passive contaminants in the upper

mixed layer of the sea. The experimental data covered a time scale of

diffusion ranging from 2 hours to one month and a length scale from 30m to

100 km. Using this experimental data, Obuko arrived at some empirical

relationships for diffusion of instantaneously released contaminant. The

"diffusion diagrams" of Obuko provide a practical means to predict the rate

of horizontal spread of a passive substance.

In Figure 6.3 we show the variance of an instantaneous release of a

contaminanL as a function of time after release. The data points are

omitted for sake of clarity. Obuko arrived at the following approximate

relationship for the variance of horizontal diffusion as a function of time.2 t62.3
2 " 5X0 6 t20 3  (6.11)

At time t = tG the variance of the spread is given by Equation (6.10).

For times t tG, the following is used to determine the extent of spread.

2 r()3/2 -1/2 -6 2.3 2.3
S=(t) + 0.23 U r (t - tg) L + 5 x 10 (t - tg ) (6.12)

3 c G g g

where rGis the radius of the slick at time t = tG.
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To determine the area of the ocean surface contaminated by oil we adopt

the approximation that all oil is contained within 2 of the center of

mass. This approximation gives slick area as:

A = 41rQj2  (6.13)
s

The area of the floating oil is assumed to be A0 , as developed by the

evaporation model. The fraction of the bounded area that is covered by oil

is:

f = A0 / A (6.14)

6.4 MODEL _LIMITATIONS

The most serious model limitation is the lack of validation by

*/ comparison with observations for large spill volumes and long time periods.

This data may be obtained from historical spill reports or from detailed

observations at spills of opportunity. Although the model is developed for

instantaneous releases, observations from continuous releases, such as the

recent blow-out in the Gulf of Mexico, is analogous and would be valuable in

S,model tuning and validation. The type of data required are the current

velocity, time since spill (or time of travel for continuous slick), and the

horizontal length scales of the slick. For a finite slick, the slick area

would be acceptable; for a continuous slick, the slick-width transverse to

the flow would be acceptable.

It is also necessary to establish a criterion for the formation of

slicklets. The times t and tG are sensitive to the thickness of thegG

slick where the slicklets begin to form. In our calculation procedure we

have used a critical thickness of 1 mm. The final area of dispersion

calculated using this criterion corresponds closely to the estimated maximum

areas of oil spills of different initial volumes given by Hoult (1972),
which is:

2 5 3 0.75Maximum area (m2) 10 x (initial volume, m

The thickness criterion should be a function of sea state and properties of

oil. Clearly, more theoretical and experimental studies should be conducted

to determine the critical thickness criterion for the slicklet formation.

At a more fundamental level, it would be advantageous to measure the -

sub-ensemble average of Lagrangian velocity fluctuations with respect to the
2

center of gravity of the slick, or u (t), and its variation with slick

size.
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An alternative to this type of fundamental measure of turbulence

* properties, which may be very difficult to obtain, would be to conduct

experiments on the initial dispersion of a finite patch of dri~fters of

uniform initial distribution. Obtaining the rate of change of the variance

of the distribution with respect to time for patches of various initial

sizes would supercede the observations of u 2(t) mentioned above.

The concept of slicklet formation presented here is admittedly crude.

This results not only from inadequacies of our understanding of the problem,

but also from the constraints of this study that the algorithm presented

must be sufficiently simple to be implemented on a hand calculator.

Additional theoretical and observational research in this area is warranted.

* 6.5_ APPLICATION OF THE SIMPLE ALGORITHM

A simple algorithm to determine the extent of dispersed area is

presented here. The input to this algorithm are the radius and thickness of

the slick from the evaporation model.

Using user input data, determine:

U = 0.035 u
c

L = 0.4 d (6.15)
515 *

L = 1 x 10 or L = L ,whichever is smaller of the two

Determine, using the evaporation model, the time t when the thickness of

the slick is 1 mm. Let r be the radius of the slick at this time.

=rg /3 (6.16)A Using Figure 6.3, determine the time for transition to Gaussian, tG*

Step 3i For time tg < t < tG, use Equation (6.17) to determine the variance of
g 2dispersion. For t > t G, calculate 2 using Equations (6.17) and

2 G 2.
(6.18). Ifc7 2 given by Equation (6.17) is larger than they "2 given by

Equation (6.1.8), choose the larger value and increase the value of t by
2 G

the time step size. Continue this process until the value ofl 2 given by

Equation (6.18) is larger than the one given by Equation (6.17). This value

of time is the actual time for transition to Gaussian distribution.
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Evaluate rG at this time tG.

Cr2 M r t) 3 2 L-1/2 j (t - t (6.17,

0'' 2 M 2t + 0.23 U rG3/2 (t - tg L-1/2 + 5 x 10-6 (t2.3 -t 2.3) (6.18)

where rG is the radius of the slick at time t .

Step 4

Determine the dispersed area

A = 4 ;Ya 2  (6.19)

Step 5

Compute the ratio of actual area of the slick to dispersed area of the slick.

6.6 CONCLUSIONS

From the analysis performed in this chapter the following conclusions can be

drawn:

*"" -Oil spill dispersion on the ocean's surface can be adequately described

by a two-dimensional model analogous to the three dimensional turbulent

diffusion model used for calculating the particle concentrations in a

puff dispersing in the atmosphere. The empirical relationships

describing turbulent diffusion were obtained from Obuko's (1971) results.

-While the model describes the behavior of the slicklet group after the

patches are formed, we have been unable to obtain any criteria for

determining the exact conditions under which slicklet formation begins.

The breaking wave induced slicklet information model is utilized.
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7. TABLE OF DISPERSION PREDICTIONS

7.1 Introduction

The objective of this chapter is to illustrate in detail the calculation

procedure for determining the oil dispersion parameters for a specified

spill quantity and environmental conditions.

The models presented in Chapters 3, 4, 5, and 6 deal with different

aspects of oil slick behavior in the open ocean. In this chapter, these

models are utilized and the sequential calculations are illustrated. The

purpose of the illustrative example is to indicate how the outputs from each

model are utilized in the succeeding calculations.

The step-by-step illustrative calculations are performed for a

hypothetical instantaneous spill of 10,000 cubic meters of light crude oil

on a sea with a significant wave height of 1 meter. The procedure indicates

the input values needed, the equation on which the particular calculation is

based, and the output results.

Also presented in this are the results of calculations for three other

types of oil: heavy crude, fuel oil number two, and fuel oil number six.

The important results are presented in tables and graphs. The results from

each contributing model are presented in separate tables. Graphical

displays are used to show the variation of the volume of oil floating and

the slick area with time. In addition, the time required to reach 50% and

90% dispersion into the water are presented as functions of sea state.

Calculations presented are based on a fully developed sea state, and the

assumption of a linear droplet size distribution.

-: - The sensitivity of the results to these assumptions are addressed in the

final sets of graphs where comparisons are made between two sets of

parameters: the results obtained from a fully developed sea state and a

much choppier sea where the waves are steeper, and the results obtained from

the assumed linear droplet size distribution compared to the assumption that

all the droplets were of the minimum size.

7The calculations presented in the step-by-step illustrations are worked

out by using only a scientific calculator. The calculations presented in

the tables and graphs at the end of the chapter were obtained from the

computer code discussed in Appendix E.
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The illustration is formatted to serve as a self-sustained work sheet:

the left column shows the results from the example calcuLation, while in the

right column the results are left out to permit calculations by the user.

These are shown in the right-hand pages of the report; the left-hand pages

give the corresponding formulas supporting the calculations.

7
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Type of O 1 2 1 - 2

Light Crud 35 .7x- 0 . 1-506

-2

Heay CTABLE 3.1

l Constants to be Used in Equations (3.24) and (3.25)

______ _al a2 bl 2

L ight; Crude 350 9.67/ x 10 -  4.2 x 10 -  0.62

Heavy Crude 27 2.47 x 10 -  3.5 x 10 -  1.05

-'+ Fuel Oil *2 4.6 1.56 x 10-  no change in density

:+,Fuel oil *6 no evaporation no change in density

- - - --



$po //Ow(3.16)

G =g (1 -A (3.17)

T = Vo / -/ (3.18)
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i -7.2 STEP-BY-STEP CALCULATION PROCEDURE ILLUSTRATION

7.2.1 Problem Statement

Given: Light crude of 10,000 cubic meters volume is spilled

instantaneously onto the sea. The fully developed sea state corresponds to

a significant wave height of 1 meter.

To find: the fate of the oil at different times after the spill, by

evaluating the various dispersion parameters.

7.2.2. Calculations from the Evaporation and Spreading Model

User Supplied Data User Supplied Data

Oil Type: Light Crude Oil Type:

Initial Volume: 10,000 m3  Initial Volume: m3

Wind Speed: 5 meters/second Wind Speed: m/s

Slick Temperature: 250C Slick Temperature C

Obtain the following properties of the oil:

Initial D,nsity: 8.68.6 kg/m 3  Initial Density: kg/m 3

Surface Tension: 0.03 N/m Surface Tension: N/m

Kinematic Viscosity: 8 x 10-6 m 2/s Kinematic Viscosity: m2 /s

Determine the following: volume, area, and thickness of the slick and the

average density at 2, 4, and 8 hours after the spill.

Step 1 Assume the following properties for water:

Density = 1000 kg/im 3

Kinematic Viscosity 1 x 10 m2/s (1 centistoke)

also assume:

Gravity = 9.81 inm/s 2  Evaporation Constant = k = 1 x 10 - 8 s2/M2

Calculate the following:

= 0.8686 (equation 3.16) =
2 2

G = 1.29 m/s 2  (3.17) G = m/S

T = 4.09 s (3.18) T = s
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r = 0.546 (VwG/ ) (3.19)

= 0.375 (/ /o') G / (3.20)

=3/2a 2T; if t 5/2 a2Ts  (3.22)

jOMax/I0 - / i 0) TO (3.23)

0.22 -0.32 b2

0.22 (3.25)

P al' 066exp( 7(r- (- 2 Ts0.2(25
Note: If t'is greater than T-*-tassume 0equals O.,

If ris greater than , caicualte at Z"equal toc c

= 0.670 /o 1/6 95/12 w C2 30g1/ w16

-11C1  k0  ( u0 .3Q 2 2 3.2l/ 16

If 
-
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7 -7-

Obtain the following constants for the oil from Table 3.1 or another source:

a = 350 a, =

a = 9.67 x 0 - 5  a2

b = 4.17 x 10- 5  b1

b = 0.62 b
2 2

Step 2 Determine % and V

264 (3.19) t

- = :15455 (3.20)

Determine r' and

= 7640 (3.22) C

V =46778 (3.23)

Step 3 Determine 1 t/T

t, hrs t, hrs

2 1760

4 3521

8 7042

Step 4 Use equations (3.24) and (3.25) to determine R and P

RP R 0

41760 1.0132 2184

3521 1.0213 1545

7042 1.0336 774

Step 5 Determine the following:

c1 =2.58 xi0 c I =

c 2 = 36.5 c 2 
=

r, ff = 0.46 fl =
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i f = v1/12
: g=./A (i -A 3 4  =1/ -)1/4

/3 41/4

9 (=- g2 = 1 / (i -

h= (1 -R) /3/R h (-AR/3

.= V0 ( - clflglhlUP (Z, 3/ 2 - (3 2) )3 3.26)

A= 2V2/3 Z- 1/2 (3.27)

h( V( r)/A(" (3.30)

k = kOUP (3.31)
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'1

f = 2.18 f2
22

l= 5.28 g =

2= 1.66 g 2 =

h 1  h2  h 1 h2

1760 0.487 0.493

3521 0.473 0.483

7042 0.452 0.468

Determine the slick volume and area using equations (3.26) and (3.27)

-V V A I V A

1760 9321 1.21 x 106

3521 8648 1.59 x 106

, 7042 8192 2.11 x 106

Step 6 Determine the slick thickness and evaporation flux

V h (m) k (kg/m2s) Ir h (m) k (kg/m2s)

1760 7.7 x 10-3  1.09 x 10 - 4

3521 5.4 x 10- 3  7.7 x 10- 5

7042 3,9 x 10- 3  3.9 x 10-5

Step 7 Prepare a summary Table of Results, similar to Table 7.1.

i7-

I
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TABLE 7.1

SUMMARY OF EVAPORATION MODEL RESULTS

Residual Slick Slick Average Evaporation

Time Volume Area Thickness Density Flux

I.3 2 3 /2s(hrs) (mn (in (mn) (kg/rn (k/is
0 10,000 -868.6

0.3 10,000 5.0 x 105 2 x 10- 868.6 1.46 x 10-

29,321 1.21 x 10 6 7.7 x 10- 880.1 1.09 X 10-

48,648 1.59 xl10O 5.4 x10- 887.1 7.7 x10-

88,192 2.11 x 10 6 3.9 x 10- 897.3 3.9 x 10-

7-1



,I

C = 0.7 g/u (4.15)

2
tI = 0.001 g/,J 2  (4.17)

-eff = (I - h/tl)t. w + h/t .1)0  
(4.18)

If 9 eff < Idw' then assume 7)eff =)w"

If eff> o'then assumee7) ff

W e 0 0. 6 ~ , / 1 .
-g 1 /'2 5/4

~g1/2 eff

1/4 3/4

if We!= 10 then d 0.6 V eff

0o 1/2

"3/5 2/5

if We 1 0 then d' =0.03 (4.20)i0 , o w3/5g4/5

- .. ] ~If h > d'thnd=d
If ho '0thnd d ; where h is the slick thickness.

If hK d' then d h d 2/3
0 0 0
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7.2.3 Calculations from the Droplet Formation Model

The example given here is a

continuation of the problem discussed

in Section 3.5. The relevant results

obtained there are:

t (hrs) density (kg/m 3) h (m) t (hrs) density (kg/m3) h (m)

2 879.9 7 x 10-3

4 888.6 5 x 10- 3

8 893.9 3.8 x 10- 3

Step 1 Find

4) 1.37 s-1 (equation 4.15) 4o = s -

Step 2 find tl_

-3
t = 5.23 x 10 m (4.17) tI = m

Find the effective viscosity using equation (4.18)

t (hrs) eff t (hrs) Qeff

2 1.04 x 10-

4 7.7 x 10
-6

8 6.1 x 106

Step 3 Calculate We using equation (4.19)

t (hrs) We t (hrs) We?

2 12.0

j4 17.3

8 23

Step 4 Calculate the diameters of the smallest drops using equations (4.20)

*t (hrs) d (M) t thrs) d o (M)

* 2 11.4 x 10-6

7-13



ax (12 0"/g(1  -O ) 1/2 (4.21)

If h > d' then d m = d' where h is the oil slick thickness.max max max

If h< d' then d = h.
max max

7 1
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-6

4 11. 4 x i0

8 11. 3 x 106

Step 5 Calculate the diameters of the largest drops using equation (4.21)

t (hrs) d m) t (hrs) d m)
max max

2 7x 10-
3

4 5 x 10 3

8 3.8 x 10-

(Step 6 does not apply to these hand calculations)

Step 7 Prepare a summary Table of Results, similar to Table 7.2

7-15
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TABLE 7.2

DROPLET SIZE DISTRIBUTION

smallest droplet largest droplet

time diameter, d 0  diamneter, dma

(hrs) (m) )

2 11.4 x 10-6 7 x 103

4 11.4 x 10-6 5 x 1-

8 11.3 x 10-6 3.8 x 103
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7 .7

TABLE 7.3

TABLE OF ERROR FUNCTIONS

I erf x efx

0. 00 0. 00000 00000 0.50 0.52049 98778
0.01 0.01128 34156 0.51 0.52 24 36198 1.00 0.84270 07929 1.50 0.96610 51465
0.02 0.02256 45147 0.52 0.5789 86305 1.01 0.84681 04962 3.51 0.96727 67481

0.03 0.0%384 12 23 0.53 0.54646 40969 1.02 0.85083 80177 152 0.96841 34969
0.04 0.04511 11061 0.54 0.55493 92505 1.03 0.85478 42115 1.53 C. 96951 62091

0.05 0.05637 19778 0.55 0.56332 33663 1.04 0.85864 99465 L.54 0.97058 56899

0.06 0.06762 15944 0.56 0.57161 57638 1.05 0.86243 61061 1. 55 0.97162 27333
0.07 0.07685 77198 0.57 0.57981 58062 1.06 0.86614 35866 L 56 0. 97262 812200' 008 0.09007 81258 0 58 0. 58792 29004
0.09 0.09007 81258 0.58 0.592 29004 1.07 0.86977 32972 1.57 0.97360 26275

:0. 0 10128 5939 5 0.59593 64972 1.08 0.87332 61584 L58 0.97454 70093

0.10 0.11246 29160 0.60 0.60385 60908 1.09 0.87680 31019 1.59 0.97546 20158

0.11 0.12362 28962 0.61 0.61168 12189
0.12 0.13475 83518 0.62 0.61941 14619 1.10 0.88020 50696 L 60 0.97634 83633
0 13 0.14586 71148 0.63 0.62704 64433 1.11 0.88353 30124 1.61 0.97720 68366
0.14 0.15694 70331 0.64 0.63458 58291 1. 12 0.88678 78902 1.6 0.97803 80884

0.15 0.16799 59714 0.65 0.64202 93274 1.13 0. 88997 0670' 1.63 0.97884 28397

0.1o 0.17901 18132 0.66 0.64937 66880 1.14 0.89308 23276 1.64 0.97962 17795
0.17 0.18909 24612 0.67 0.65662 77023
0.18 0.20093 58390 0.68 0.66378 22027 1.15 0.89612 38429 1. 65 0.98037 55850
0.19 0.21183 98922 0.69 0.67084 00622 1.16 0.39909 62029 1.66 0.98110 49213
00 22270 25892 0.70 0.67780 11938 1.17 0.90200 03990 1.67 0.98181 044160 .20 0.:27 22 O.O 060 21.81.043746816

0.21 0.23352 19230 0. 1 0.68466 55502 1.18 0.90483 74269 1.68 0.98249 27870

0.22 0.24429 59116 0.72 0.69143 31231 1.19 0.90760 82860 1.69 0.98315 25869
0.23 0.25502 25996 0.73 0.69810 39429
0.24 0.26570 00590 0.74 0.70467 80779 1.20 0.91031 39762 1. 70 0.98?79 04586

0.25 0.27632 63907 0. 15 0.71115 56337 1.21 0.91295 55080 1.71 0.980440 70075
0. 26 0.28689 97232 0.76 0.71753 67528 1.22 0.91553 38810 1.72 0.98500 28274

0.27 0.29741 82185 0.77 0.72382 16140 1.23 0.91805 01041 1.73 0.98557 84998

0.28 0.30788 00680 0.78 0.73001 04313 1.24 0.92050 51843 L 74 0.98613 45950
0.29 0.31828 34959 0.79 0.3610 34538 1.25 0.92290 01283 1.75 0.98667 16712

0.30 0.32862 67545 0.83 0.74210 09647 1.26 0.92523 59418 L 76 0.98719 02752
0.3' 0.33890 81503 0.81 0.54800 32806 1.27 0.92751 36293 1.77 0.98769 09422
0.32 0.34912 59948 0.82 0.75381 07509
0.33 0.35927 8:,'0 0.83 0.75952 37569 1.28 0.92973 41930 1. 78 0.98817 41959

0.34 0.36936 45293 0.84 0.76514 27115 1.29 0.93189 86327 1.79 0.98864 05487

0.35 0.37938 20536 0.05 0.77066 80516 1.30 0.93400 79449 1.80 0.98909 05016

0.36 0.38932 97011 0.86 0. ?7610 02683 1.31 0.93606 31228 1.81 0.98952 45446
0.37 0.39920 59840 0.87 0.78143 98455 1.32 0.93806 51551 L 82 0.98994 31565
0. 38 0.40900 94534 0.88 0.78668 73192
0.39 0.41873 87001 0.89 0.79184 32468 1.33 0.94001 50262 1.83 0.99034 68051

1.34 0.94191 37153 L 84 0.99073 59476

0.40 0.42839 23550 0.90 0.79690 82124
0.41 0.43796 90902 0.S1 0.80188 28258 1.35 0.94376 21961 1.85 0. 99111 10301
0.42 0.44746 76104 0.92 0.80676 77215 1.36 0.94556 14366 1.86 0.99147 24883
0.43 0.45688 66945 0.93 0.81156 35586
0.44 0.46622 51153 0.94 0.81627 10190 1.37 0.94731 23980 1.87 0.99182 07476S1.38 0.94901 60353 1.68 0,99215 62228

0.45 0.47548 17198 0.25 0.32089 08073 1.39 0.95067 32958 1.89 0.99247 93184

0.46 0.48465 53900 0.96 0.82542 36496
0.47 0.49374 50509 0.97 0.82987 02930 1.40 0.95228 51196 1.90 0.99279 04292
0.48 0.50274 96707 0.98 0.83423 15043 1.41 0.95385 24394 1.91 0.99308 99398
C -9 0.00 0. 9"50 80696 1.42 0.95537 61786 1.92 0. '9337 02251

0.50 0.52049 98778 1.00 0.84270 07929 1.43 0.95685 72531 1.93 0. '9365 56502
1.44 0.95829 65696 1.94 0.99392 2579

1.45 0.95969 50256 1.95 0.99417 93336

1.46 0.96105 35095 1.96 0.99442 62755
1.47 0.96237 28999 1.07 0.99466 37246
1.48 0.96365 40654 1.98 0.99489 20004

1.49 0.96489 78648 1.99 0.99511 14132

1.50 0.96610-51465 2.00 0.99532 22650

C7 1
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1.0

0.7 -
0.6 -
0.5 -

0.4 -

0.3 -

0.2
400.75,-3o.90
a 70.85

', E 0.07 -A0.95

0.06
0, 5 A0..0

0.04

-0.03

0.02

0-008
0:007

-'_ t0.006

" " 0.005

0= 6.83 / T1  (5.27)

= 2iT'g / 2 (5.26)

1/2-
N = Pr (5.29)

where Pr =1.7 x 10- 7 U
3 .75

V Nh)AV = (5.30)
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7.2.4 Calculations from the Droplet Distribution Model

Summary of data:

time after spill = 7200 seconds t = s

significant wave height = 1 meter H = m
1/3

wind velocity = 5.0 meters per second U = m/s

from evaporation model:

3 3
= 880.1 kg/m kg/

-3
h =7.7 x 10 m h= m

6 2 2
A = 1.21 x 10 m A = m

:3 3

V = 9321 m V = m3

A = 0.88

from droplet formation model:

-5
do =1. x 10 m do = m

-3
d =7.7 x 10 m d = m
max max

Step 1 Use equations (5.26), (5.27), and (5.28) to find:

I . = 1.37 s W) -1

T1 = 4.58 s s

11 1[I --_-_-60 = 1 .49 s t

= 2.78 m im

Step 2 Use equation (5.29,

-3 -l -
N = 3.7 x 10 s N= s

Step 3 Use equation (5.30) to calculate V

-43 3,
V=2 x 10- m/ms V rn/ms

Ste 4 Us equtlo . ..,j. to~ Zn the~ four values -f di

d, = -4
d =9.7 x 10 m d I = m

-3
d =2.9 x 10 m d = m

2 2
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7d 0 + d
d - 8

5d + 3d
d m
2 

8
3d + Sd(5.31)3d 0 + 5dm

d
3 8

d0 + 7d

4 8
d5 dmd04 d 051.2

d -- _ ~. + - (5.32)

S3d0 + dm
d =
a 4

d d0 + dm (5.33)

, b 2

d + 3d
dc 0 4i c 4

1 d d 4 d5 dd4 d5
Fd m a d - 4 0di w 4 - 5 4/5

F 1 d md b4 d b5 d md a4 +dea5 >

W4 5 4 5)

1 Fdmdc d 5 dd 4  db5 (5.34)
d3  * W 4 5 4 5

4 1 (d 5  d d 4 dc5

F W 20 4 52/3

* 9.52)23
... d' " 2 w (5.35)

C g1/3(l - )1/3

For droplet diameters less than the critical diameter, use equation (5.36)

to calculate the terminal velocity. For droplets larger than the critival

diameter, use equation (5.37).

I2
gd2 (a -A.fr)jW for d d (5.36)

18 d-
w

1/2*
W = (8/3 gd(1 -A for d> d (5.37)I c
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j d 3 = 4.8 x 10
-3 m d = m

d = 6.7 x 10 m d4 = m
4 "4

Determine W using equation (5.32)

W =1.4x lo- 1 2 m W = m5

Determine da, db, dc, using equation (5.33)

-3
d = 1.9 x 10 m d = m

a a

db = 3.9 x10
3 i m d m

d = 5.8 x m d = m
C C

Determine the four values of F using equation (5.34)d.

= 0. 017=
dd 

1

Fd = 0.175 
Fd=

a2 2

F = 0.447 F =

0.364
d 4

4 
4

**
d = 9 x 10d

C C

Since all diameters are above dc , use

equation (5.37) to determine terminal4 velocities. (For convenience, one

can use Figure 5.1 on page 7-18 to

determine the terminal velocity.)

W= 5.5 x 10 2 m/sW = m/s

W= 9.5 x r- 2 m/s 2  m/s
2 2

W= 1.2 x 10 m/s = m/s

w4 =1.5 x 10 -1 m/s = m/s
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Z (5.39)

9 ~2 -2

w O.1w. (5.38)

z0= z if z z
W w g

(540)
zo = z if z >z

0 w g

1%=0.0 2  (5.41)

erfc (Xd, t') = 1 + erf (Xdt,) if Xd.tI . 1

erfc (X dt,) =1 - erf (X dt,) if X d,t, > 0 5.4

tl erc (5.45)
d< 4 ov.erf Xd,t'

time
steps

~1 1*
V d(d) d 4t 0+-2vdi (5.46)

Vd~) =~dVd(dl) +F, V (d2)+F Vd(d) + FA Vd(d)
V(t d1 d 2 dU) d3 U)d44 (5.47)
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Step 6 Calculate z wand z 9using equations (5.38) and (5.39)

z 27.8 m Z 9m

z =0.27 m Z~=m

z W 0.16 m z = m

z = 0.12 m Z = m

z W 0.10 in z = I

Using equations (5.40) we obtain

z =0.27 m z m

S2= 0.16 m z 2= In

z 3= 0.12 m z 3= m

z 4= 0.10 mIn0 = In

Step 7 Determine K Tusing equation (5.41)

KT = 5.96 x103 rn/s K T = m/s

Step 8 From equations (5.44) and (5.45), find I(d) and Vci(d)

All X dt are greater than 2.

I(d) = 0 I(d)=

From equation (5.46),

Vd(d) =0 Vd(d)=

Step 9 From equation (5.47)

Vd(t) =0 v d(t)

This implies that there is no oil

l~ost in the form of oil droplets

at t =72000 s.
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Uc = 0.035 u
C

L = 0.4 d (6.15)

L = 1x 105 or L = L *whichever is smaller of the two

"2 =r /3 (6.16)
g
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7.2.5 Calculations from the Surface Oil Distribution Model

Summary of data:

wind speed = 5.9 m/s U = m/s

distance to shore = 107 m d = m
s

time after spill = 8 hours (2880 s) t = s

Step 1 Using equation (6.15), find:

U = 0.21 m/s U = m/sc c
* 16 *

L =4x10 m L = m

L = 0 m L= Ir

Ste2 2 Using evaporation model data, determine the thickness of the slick

(this is given in Table 7.1)

-3
h=3.9x10 m h= m

Since slick thickness i greater than

-3
1 x 10 m, the horizontal

dispersion model is not applicable.

If the thickness is less than

I x 10 - 3 m, use equation (6.16)

to determine the region, rg, r.

of the slick at this thickness

and the variance 201 .2

Using Figure 6.3, find a first

estimate for tG t G
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2(t 0 2 U 3 / 2 ,, L- 1 / 2

= 3 + 0.23 c r/') L U (t - t ) (6.17)

(t) + 0.23 U r 3 / 2 (t - t) L-1/2 + 5 x 1 6 (t - t 2.) (6.18)3 c G g g

A = 2 (6.19)
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r
Step 3 Using an iterative solution

[- based on these estimates, find the

actual t . For t less than tG,

use equations (6.17) and (6.18) and
: chose the larger value of 2 if

(6.17) yields the larger value,

increase tG by the stepsize and

repeat the calculation until bothIt equations yield the same result.

This value is the actual tG and can

be used the calculate the radius rG

at this time. If (6.18) yields the

larger value, decrease tG by the

L stepsize and repeat the process.

Step 4 Determine the dispersed area

using equation (6.19)

Step_5 Determine the ratio of area

." unde, oil to area affected by oil.
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TABLE 7.4

SUMNARY OF RESULTS FOR LIGHT CRUDE SPILL IN VARIOUS STATES
EVAPORATION MODEL RESULTS

1/3 Significant Wave Height im

Volume of Oil Slick Average Evaporation
Time Remaining Slick Area Thickness Density Flux
(hrs) (m3) (m2) (M) (kg/m3) (k/m 2s)

0 10000 - - 868.8

2 9205 1.2 x 106 7.8 x 10 - 3  882.5 6.7 x 10-5

4 8799 1.6 x 106  5.6 x 10- 3  889.5 2.0 x 10 - 5

8 8411 2.1 x 106 3.9 x 10- 3  894.7 1.1 x 10 - 5

16 7721 3.3 x 106 2.3 x XC 904.3 6.2 x 10-6

32 6996 9.4 x 106 7.4 x 10- 4  915.7 3.1 x 10- 7

64 6168 2.7 x 107 2.3 x 10 - 4  919.9 1.6 x 10 - 7

101 4336 5.3 x 107 8.2 x 10-5  930.0 9.3 x 10-8

75After 101 hours, the area vs. volume stopping criterion (area >105 x (volume)* 7 )
is reached: the slick breaks up.
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TABLE 7.4 (continued)

SUMARY OF RESULTS FOR LIGHT CRUDE SPILL IN VARIOUS STATES
DROPLET FORMATION MODEL RESULTS

1/3 Significant Wave Height = im

Diameter of the Diameter of the

Time Smallest Drop Maximum Drop
(hrs) (m) (i)

2 9.9 x 10-6 7.8 x 10- 3

4 9.9 x 10-6 5.6 x 10- 3

8 9.9 x 10-6 3.9 x 10- 3

16 9.9 x 10-6 2.3 x 10- 3

32 9.9 x 10-6 7.4 x 10- 4

64 9.9 x 10-6 2.3 x 10- 4

101 9.9 x 10 - 6  8.3 x 10 - 5

I
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TABLE 7.4 (continued)

SUMNARY OF RESULTS FOR LIGHT CRUDE SPILL IN VARIOUS STATES

DROPLET DISTRIBUTION MODEL RESULTS

1/3 Significant Wave Height im

Total Volume Volume of

Volume of of Oil Oil

Oil Remaining Floating

Dispersed in the on Water, Vr
Time in WaLer, Vd System, V (Vr V - Vd)
(hirs) (iM3 ) (im3 ) (m3)

2 0 9205 9205

4 0 8799 8799

8 0 8411 8411

16 0 7721 7721

32 11 7008 6996

64 448 6616 6168

101 1557 5893 4336

I
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TABLE 7.4 (continued)

SUMMARY OF _ESULTS FOR LIGHT CRUDE SPILL IN VARIOUS STATES
SURFACE OIL DISTRIBUTION MODEL RESULTS

1/3 Significant Wave Height = im

Total Polluted

Total Sea Surface
Time of Oil Patches Area
(hrs) Ao (m2 ) As (m2 ) Ao/As

2 1.2 x 106  1.2 x 106 1.0

4 1.6 x 106  1.6 x 106 1.0

8 2.1 x 10 6  2.1 x 10 6  1.0

16 3.3 x 106 3.3 x 10 6  1.0

U 1 32 9.4 x 106  2.7 x 107  .34

64 2.7 x 107  2.8 x 108  .10

101 5.3 7. 101 8.7 x 10 8  .06

7-31



TABLE 7. 5

SUI\ARY OF RESULTS FOR LIGH'T CRUDE SPILL IN VARIOUS STATES
EVAPOIRATION MODEL RESULTS

13 Significant Wave Hleight 3m

Volume of Oil Slick Average Evaporation
Time Remaining Slick Area Thickness Density Flux
(hrs) ( 2 ) ((kg/m 3 )  (kg/m2s)_

0 10000 - - 868.8

2 8973 1.1 x 106 7.8 x 10- 3  886.6 6.5 x 10- 5

4 8616 1.6 x 106 5.6 x 10 - 3  890.9 2.5 x 10 - 5

3 8086 2.1 x 106 3.9 x 10 - 3  899.0 1.5 x 10 - 5

16 7325 3.3 x 106 2.2 x 10 - 3  910.4 5.1 x 10- 6

32 6663 9.4 x 106 7.1 x 1 916.6 3.2 x 10

64 2309 2.7 x 107 8.7 x 10 - 5  927.1 2.0 x 0- 7

7 -5 0
68 1941 2.9 x 10 6.6 x 10 929.9 1.6 x I07

F5 75
After 68 hours 'he area vs. volume stopping criterion (area > 10 x (volume)* )
is reached: ti. slick breaks up.

I



TABI,6 7. 5 (con~tinued)

SUMARY OF RESULTS FOR LIGHT CRUDE SPILL IN VARIOUS STATES
DROPLET FORMATION MODEL RESULTS

1/3 Significant Wave Height = 3m

Diameter of the Diameter of the
Time Smallest Drop Maximum Drop
(hrs) (in) ___(in)

2 8.0 x 10 -6  7.8 x 10O

4 8.0 x 10o6  5.6 x 10O

8 8.0 x 10-6 3.9 x 10-

16 8.0 x 10-6 2.2 x 10O

32 8.0 x 10 6  7.1 x 10O

64 8.0 x 10 6  9.0 x 10-

68 8.0 x 106 6.9 x 1
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TABLE 7.5 (continued)

SUMARY OF RESULTS FOR LIGHT CRUDE SPILL IN VARIOUS STATES

DROPLET DISTRIBUTION MODEL RESULTS

1/3 Significant Wave Height 3m

Total Volume Volume of
Volume of of Oil Oil

Oil Remaining Floating
Dispersed in the on Water, Vr

Time in Water, Vd System, V (Vr = V - Vd)
(hrs) (m3) (m) (m3)

2 0 8973 8973

4 0 8616 8616

8 0 8086 8086

16 8 7333 7325

32 272 6935 6663

64 4040 6349 2309

68 4331 6272 1941

-1
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TABLE 7.5 (continued)

SUMMARY OF RE~SULTS FOR LIGHT CRUDE SP'ILL IN VARIOUS STATES

SURFACE OIL DISTRIBUTION MOD-EL RESULTS

1/3 Significant Wave Height =3m

Total Polluted
Tocal Sea Surface

Time of Oil Patche~s Area
(hrs) A0 (in2 ) As (mn2 ) I /As

2 1.1 x 10 6 1.1 x 10 6  1.0

4 1.6 x 10 6  1.6 x 10 6 1.0

8 2.1 x 10 6 2.1 x 10 6 1.0

16 3.3 163.3 x 106 1.0

32 9.4 x 10 6  2.7 x 10O7  .34

64 2.7 x10 7  2.8 x 10 8 .10

68 2.9 x 1073.2 x 108.09
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TABLE 7.6

SUMMARY OF RESULTS FOR LIGHT CRUDE SPILL IN VARIOUS STATES
EVAPORATION MODEL RESULTS

1/3 Significant Wave Height = 5m

Volume of Oil Slick Average Evaporation
Time Remaining Slick Area Thickness Density Flux
(hrs) (m3) (M2) (m) (kg/m 3) (kg/m2s)

0 10000 - 868.8 -

2 8882 1.1 x 10 7.8 x 10 - 3  888.2 6.0 x 10- 5

4 8519 1.5 x 10 5.6 x 0 893.3 2.6 x 10 -

6. -30 .
8 7904 2.0 x 106 3.9 x 10- 3  901.5 1.7 x 10 - 5

16 7171 3.3 x 106 2.2 x 10- 3  912.7 3.9 x 10-6

6 -4732 5435 9.4 x 10 5.8 x 10 917.1 4.1 x 10-

52 1135 2.0 x 107 5.8 x 10 929.0 2.2 x 10

I -

L-

LI
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TABLE 7.6 (continued)

SUMMARY OF RESULTS FOR LIGHT CRUDE SPILL IN VARIOUS STATES
DROPLET FORMATION MODEL RESULTS

1/3 Significant Wave Height = 5m

Diameter of the Diameter of the

Time Smallest Drop Maximum Drop
(hrs) (m) ()

2 7.2 x 10 6  7.8Xlo3

4 7.2 x 10-6  5.6 x 1O-3

8 7.2 x 10-6 3.9 x 10-

16 7.2 x 10-6 2.2 x103

32 7.2 x10-6  5.9 x104

52 7.2 N 10 - 6.0 x 10-
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TABLE 7.6 (continued)

SUMMARY OF RESULTS FOR LIGHT CRUDE SPILL IN VARIOUS STATES

DROPLET DISTRIBUTION MODEL RESULTS

1/3 Significant Wave Height = 5m

Total Volume Volume of
Volume of of Oil Oil

Oil Remaining Floating
Dispersed in the on Water, Vr

Time in Water, Vd System, V (Vr V - Vd)
(hrs) (m3) (m3) (m3)

2 0 8882 8882

4 0 8519 8519

8 3 7907 7904

16 24 7195 7171

32 1452 6887 5435

52 5382 6517 1135

j7-3I
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TABLE 7.6 (continued)

SUMMARY OF RESULTS FOR LIGHT CRUDE SPILL IN VARIOUS STATES

SURFACE OIL DISTRIBUTION MODEL RESULTS

1/3 Significant Wave Height 5m

Total Polluted

Total Sea Surface
Time of Oil Patches Area
(hrs) A0 (in2 ) As (in2 ) A01As

2 1.1 x106  1.1 x106  1.0

4 1.5 x 10 6 1.5 x 10 6 1.0

8 2.0 x10 6  2.0 x10 6  1.0

16 3.3 x 10 6 3.3 x 10 6 1.0

32 9.4 xi10 3.2 x 1O 7  .30

52 2.0 x 10~ 1.6 x 108 .12
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Figure 7.5

SURFACE AREA OF A LIGHT CRUDE OIL SLICK AS A FUNCTION OF
TIME AFTER SPILL
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NOMENCLATURE

Symbol Definition Equation No. Units

a Ratio of r.m.s. turbulent A.1
VC.LVL.LLY LU II1eO.I %.ULLIC17&

speed

2
A Area of the oil slick at 3.1 m

time t

*

A lierson Moskowitz spectrum
parameter

2
A Area of floating oil 6.15 m
o

2
A Total surface area contam- 6.14 m

inated by oil

b Wake thickness 5.3 m

B Coefficient for turbulent 6.13
dispersion

C Drag coefficient
d

d Droplet diameter 4.1 m

d Maximum droplet diameter 4.4 m

d Maximum droplet diameter 4.12 mmax

d Minimum droplet diameter 6.13 m
0

d Distance to shore 6.13 m

erfc Complementary error function

g Acceleration due to gravity 3.3 m/sec2

g(d) Number density distribution 5.16
of entrained oil vs. droplet
diameter

G Effective acceleration 3.3 m/sec2

i- ! N-1



Symbol Def inition Equation No. Units

h Slick thickness 3.30 m

H Significant wave height 4.16 m
H1/3

.2 2 2/ s c
i Turbulent intensity 6.6 m /sec

Integral of the comple- 5.14 sec

mentary error function

2
k Evaporation flux 3.1 kg/m sec

k Evaporation constant 3.2 s2/M0

K Wave steepness parameters 5.10

2

K Diffusion coefficient 5.12 m2 /sec

L Length scale of largest 6.13 m
eddies

M Rate of loss of wave 5.1 kg/sec2

momentum flux

-1
N Frequency of occurrence of 5.10 sec

breaking waves within the
slick

<2

* 2N/m
p Turbulence pressure fluc- 4.1

tuations

2
p Vapor pressure of oil 3.2 N/m

Pr Probability of wave breaking 5.10

PDF Probability density function 5.11

r Slick radius when thickness 6.7 m
reaches 5 mm

r(t) Slick radius at time t B.4 m
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Symbol Definition Equation No. Units

R P i3.6
Rd Reynolds number of droplet 5.8

R(t) Lagrangian autocorrelation 6.2
function

t Time since spill 3.1 sec

t Lagrangian time scale 5.7 sec
t Time at which slicklet 6.4 secg formation begins, i.e.,

end of gravity spr(ading
regime

tG Time at which slicklet 6.13 sec
distribution approaches
a Gaussian distribution

t I  Thickness of the turbulent 4.9
bore

t Time at thickness = 5mm sec

T Characteristic time 
sec

T1 Observed wave period 5.10 secT Slick temperature 
31s 3.12

u,2 Mean square velocity 4.2 m 2/s 2
fluctuation of turbulence

r i U Suface wind velocity 3.2

Uc  Current speed 
m/sec

v(t) Fluctuating Lagrangian 6.4 m/sec
velocity of a particle
relative to the center
of gravity of the slick at
time t

[1 i 
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Smbol Definition Equation No. Units
V (t ) Initial slick averaged 6.9 m2/sec 2

velo'7ity covariance

V Volume of the oil remaining 3.1 m 3

in the slick

V Nondimensional volume

Entrainment rate 5.13

V d r.m.s, velocity difference 4.L0 m/sec

Vd Dispersed oil volume 5.14 m 3

Vd(d) Volume entrained as a 5.15 m3
function of diameter

V0  Initial volume of the spill 3.4 m3

V Residual volume at the end 3.831 of gravity-viscous region

W Terminal velocity 5.8 m/s

We Weber number 4.6

We Microscale Weber number 4.7

; 0,Maximum depth of dispersion 5.5

4 i GREEK LETTERS

eol w; specific gravity 3.16
of oil

Wave length 
m

o Kinematic viscosity of oil 4.18 m2 /s

eff Effective kinematic viscosity 4.18 m2/s
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Symbol Definition Equation No. Units

@w Kinematic viscosity of water 3.19 m 2/s

Average density of the oil kg/m 3

emax Density of the heaviest 
3.23 kg/m 3

component in the oil

Initial average density 3.16 kg/m 3

of the oil

fw Densicy of water 3.16 kg/m 3

0" Surface tension of oil 3.20 N/m

Standard deviation of surface 6.12c m
oil distribution at time when
gravity spreading regime ends

Q Standard deviation of surface 6.12d m
g oil distribution at time when

gravity spreading regime ends

Ui Standard deviation of surface 6.12d moil distribution at time when

gravity spreading regime ends

V Nondimensional time

bc nondimensional time limit for 3.15
evaporation model

Nondimensional time for trans- 3.19
ition from gravity-inertia to'H gravity-viscous region

9 Nondimensional time to attain 3.14
-(m \ax maximum density

i L Nondimensional time for trans- 3.20
ition from gravity-viscous to

viscous-surface-tension region

) Wave frequency 4.15 s
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APPENDIX A

RELATIONSHIP BETWEEN VARIOUS SEA STATE

PARAMETERS AND CALCULATION OF OCEAN TURBULENCE

A.1 RELATIONSHIP BETWEEN VARIOUS SEA STATE PARAMETERS

In this appendix, we derive several sea state parameters from a spectral

correlation for a fully developed sea. In deriving these parameters, we use

the Pierson-Moskowitz spectral representation. The average energy per unit

nominal surface area of the sea is given by (see Raj, 1977 for details):

E" 19 g  eWd>(A.1)

where e(ZJ) is the spectral energy density (m2s) at frequency W. The
Pierson-Moskowitz spectra for e(6)) has the form:

2 12e( )=og exp(- (g/Z U) (A.2)

5

The commonly accepted values for the constants are:

Oe= 1.62 x 10-2

6= 0.74
The amplitude of the water particle velocity is given by:

2 2 2 2e  (A3)
u =( = j~ e(CJ)d4(A.)

Substituting for e(W)) from Equation (1.2) leads to:

1/2
-u U, (A.4)

'- ,l1/2

For a Raleigh distribution of particle velocity amplitudes, we have:

2 2

us  = 2 u (A.5)

This gives us:

1/4

u. 4 U (A.6)

If the heightS of waves are Rayleigh distributed, then it can be shown that
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4

the significant wave height is related to the mean square amplitude by:

/ 2 c' \1/2 2

IT 1~/3 = ( ) (A.7)

From Equations (A.4) and A.7), it can be shown that:

=2 g H (A.8)

The modal frequency of is that frequency at which the energy density is

maximum. This is given by:

1/4 
(A.9)

0 (5P) g/U

A.2 CALCULATION OF OCEAN TURBULENCE PARAMETERS FOR A SPECIFIED SEA STATEk

A definition sketch for the air and water boundary layers in a

wind-waves flow field is drawn in Figure A.l. The air boundary layer is

characterized by a thickness 6 a' and the water boundary layer by a

thickness S w. The fetch x is measured from the beginning of the

test-section in a laboratory wind-wave tank or is defined as the offshore

distance in the field. The vertical coordinate z is positive upwards, and

is measured from the undisturbed water surface. The dominant wavelength and

height are denoted by X. and H1 /3, respectively. The free stream

velocity in the laboratory or the reference velocity at 10 meters in the

field are denoted by U,. Fully developed sea state is assumed in the

following computations.

For a turbulent air boundary layer over wind-waves, the growth of the

air boundary layer thickness sat and the air friction velocity** u*
a

are correlated with the free stream velocity U0 and the fetch x as follows:

g~ .2 x45for 0.2<2<1 (A.10)

a gx0.055 for 0.3 ( < 200 (A.11)2 2

* This work was performed by Flow Research Company, a subcontractor to

Arthur D. Little, under the present USCG contract.

** Related to the surface skin friction coefficient by Cf 2 a
U
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a 0.03 for 200< 2 (A.l2)
Uti'

where g is the gravitational acceleration.

The air velocity profile is approximately logarithmic and is given by:

U(Z) = 5.75 log Z (A.13)
u, z 0

a

where z is the aerodynamic roughness. Hence, for a given free stream

velocity U.and fetch x, one could compute the air boundary layer

thickness Sa using Equation (A.10), and the air friction velocity u, using
a

Equation (A.11) or Equation (A.12). Equation (A.13) could then be used to

compute z0 by the relation:

(at 10 in) - U (A.14)

The root-mean-square of the water-surface-displacement rms, and the

dominant wavelength X are correlated with the free stream velocity U , and

the fetch x as follows:

U9 2 0.001 for 0.3 < gx < 17 (A.15)U0 2 U 2
__ ku 2 / 00

g 2rm = (6.9 x 10- 5  + 2.97 x 10 - 7  ( 2 200)) 1/2

U0 0 (A. 16)

for 200< gx < 6 x 104

U02/5

0.03 2for 0.3 < -g 17 (A.17)

The significant wave height H1 /3 and the dominant phase speed for the

wind-waves Cp are related to the rms displacement by:

HI/3 = 4 rms (A.18)

CP = 2.24 (g)rms)I/ 2  (A.19)

For a given free stream velocity U and fetch x, one could compute the
rm sin Equationi-root-mean-square of the water-surface deisplacement rms uigEuto

(A.15) or Equation (A.16), the dominant wavelength \ using Equation (A.17),
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the significant wave height HI/3 using Equation (A.18), and the dominant

phase speed Cp using Equation (A.19). The significant wave height H1/3

could be used as an input parameter in place of the fetch x, if desired.

Equations (A.15) through (A.17) are consistent with field data compiled by

Wiegel (1964).

The frequency spectrum of the water surface displacement (wave energy

spectrum) follows the function:

S(f) = 2 g2 f 5  (A.20)

from the dominant frequency to a frequency cut-off of about 10 Hz, where

capillary waves become important. The constant 0( is in the order of 10
- 4

in typical laboratory tanks and 10- 5 in the ocean. In the capillary wave

regime the wave energy spectrum follows the function:

S(f) = /3 f 7 /3  (A.21)

for f greater than 7.5 Hz. The constant /6 is the order of 10-2 in

typical laboratory tanks. No information is available for the value of the

constant 1in the ocean.

The momentum transferred from the air boundary layer to the water is

manifested as water waves and a drift layer in the water. About 90 percent

of the air boundary layer momentum is transferred to the water boundary

layer.* The equation

(u= 0.90(u (A.22)
water air

can be used to compute the water friction velocity u, The surface drift
L w

velocity U is computed from
5
UU 0.032 (A.23)

or
;u 2 H[:o -- =0.02 +(' + 0.445 (A.24)

U U

where H is the significant ave height, is the dominant wave length,

and C is the dominant phase speed.

*Equivalently, the ratio of the wave drag coefficient to the wind drag[ coefficient is 0.1.
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The water boundary layer thickness S is correlated with the free airw

stream velocity U and the fetch x as follows:

-- - 0.025 42  (A.25)
U.0  U002

The mean velocity profile in the water boundary layer is approximately

logarithmic and is given by:

5.75 log (A.26)

w

where u, is the water friction velocity which could be computed from
w

Equation (A.21), and U is the surface drift velocity which could bes

computed from Equation (A.22) or Equation (A.23). The roughness height in

the water boundary layer is usually smaller than the corresponding one in

the air boundary layer, but could be considered the same for an oraer of

magnitude estimate. Ta mean velocity defect shows that the water boundary

layer under the water surface resembles the turbulent air boundary layer

over the water surface, and the water boundary layer is produced as the

result of the wind stress exerted on the water surface. Both air and water

r iboundary layers resemble a turbulent boundary layer over a rough flat

[ I plate. For example, under weak sea states without wave breaking, the

maximum root-mean-sqlare of the longitudinal velocity fluctuations* is about

two to three times the friction velocity and about 15-20 percent of the free

stream velocity U0 in air or the mean surface drift velocity U in~s
waLer. The maximum rms values occur near the water surface and

I monotonically decrease away from it. The rms of the vertical velocity

4 fluctuations is about half the rms of the longitudinal velocity

fluctuations. The dimensionless dissipation rate is, as expected on the

order of one, and the Reynolds stress coefficient is typically 0.3.

*Contains in part the contribution from orbital. motion of the waves.

r
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In high sea states with intensive wave breaking (H/L on the order of

0.1), the maximum rms value of the longitudinal velocity fluctuations is as

high as 60 percent of the mean surface drift velocity, and the rms value of

the vertical velocity fluctuations. The (dimensional) dissipation rate is

one to two orders of magnitude higher than in non-breaking waves.

In short, data on ocean turbulence parameters (especially close to the

ocean surface) are scarce, and one has to use similar flow fields for an

order of magnitude estimate. The information summarized in this report

provides a few rules of thumb for obtaining such estimates. For accurate

predictions of ocean turbulence parameters from laboratory measurements,

systematic investigations will be required to establish appropriate scaling

laws. These scaling laws should be validated with ocean data obtained from

future field experiments.
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APPENDIX B

DEVELOPMENT OF A MULTI-COMPONENT

OIL SLICK EVAPORATION MODEL

Here, we have developed a multi-component oil slick model which

considers the combined effects of evaporation and spreading. The extent of

spread is determined by the expressions given by Fay (1971). The resulting

equations are coupled and nonlinear, and are solved using a digital. computer.

B.I. FORMULATION OF THE MULTI-COMPONENT OIL SLICK MODEL

In formulating the mass transfer due to evaporation from a floating oil

slick, we have made three assumptions:

- The slick is homogeneous in horizontal and verical directions and

is of uniform thickness.

- The evaporation flux of the individual components is given by the

empirical relationship:

k. = k U p (B.1)

where k is an empirical constant (s 2/m 2

0

k = evaporation flux (kg/m 2s)

U = wind speed

th 2
Pi= partial pressure of i component (N/)

4 - The slick is radially symmetric.
•th

If C. (t) is the time varying mass concentration of the i component13

per unit volume (kg/m), then the consevation of mass Leads to:

d C (t)V(t) = -k A(t) (B.2)

i = 1, 2, ... , N

Where A and V are the surface area and the remaining volume of the slick,

respectively. If is the density of an individual component, then the

volumetric relationship leads to the following constraint on C i(t):
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N N Ci(t)/ i = 1 (B. 3)

2 1,

Substituting A = )r and V =#'r . it, Zuation (B.2), dividing by

I and summing over N components leads to:

N d .N CN k

rh + d- (r 2 h) Z = -r 2 (B.4)

i= 1t i i I = i

Differentiating Equation (B.3) with respect to t leads to:

N dCi

i 1 i 1 (B. 5)

Substituting Equations (B.3) and (3.5) into Equation (B.4) leads to an

expression for the rate of change of volume:

N k
d (r 2h) =  

- r (B.6)
= . i

Substituting Equation (B.6) into Equation (B.2) leads to

dC. C. N k. k.

dt h(t) __ i_ (B .7)

j= CJ h(t)

In Equation (B.7), the first term on the right-hand side represenL- the

increase in the concentration of a camponent due to reduction in volume, and

the second term indicates the decrease in the concentration of the component

due to evaporation. Equation (B.7) shows that the concentation of a

part.Ocular component may either increase or decreas. depending on which one

of the two phenomena dominates. The concentration of the lighter components

decreases with time because of their higher vapor pressure, and the

concentration of heavier hydrocarbons increases with time. The average

density of the oil at any given time is:

N

-ave C (t) (B.8)

iB-
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The partial pressure of a component is related to the vapor pressure of

the component and the molar concentration. If we assume that the mixture of

the vapors behave like an ideal mixture of gases, then this relationship is

given by Henry's Law, which is:

C. /A4.P. = N l Pi(T;) (B.9)

Cj/M.

.th

Where M. is the molecular weight of the i component and P. is the
1 1

vapor pressure at the saturation temperature T. Given a distillation curve

for the oil or a breakdown by boiling point classifications, the value

ofthe vapor pressure P. can be found easily. From the average boiling1

point of a fraction, the average vapor pressure may be determined using the

integrated form of the Clausius-Clapeyron equation. This leads to:

-qM. 1 1
log (P. /) = - T. (B.10)

1 4.57
T i

s

Where P is the vapor pressure at the boiling point, (usually atmospneric
0

pressure) T* is the slick temperature in OK and q is the heat of
s

evaporation. The quantity (qMi/4.57Ti) is nearly constant (5 + 0.2) for

hydrocarbons, and we can simplify Equation (B.10) to:

T. - T
log (P. /Po) = -5 , , (B.n1)

1 0T
T

The radius of the slick is calculated using Fay's (1971) expressions.

In essence, the spreading is btokei down artificially into three stages,

i.e., gravity-inertia, gravity-viscous and the surface tension regions. The

expressions for the radius of the slick in these regions are:

- Gravity-Inertia region:

0 0< t <t o

rto 0.564 (Vo /g(l - (0/ (w) 1/3 (B.12)

to0 o w w
r =1.14 -(l ( ( V0 )1/4 t'12  (B.13)

B-3
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Gravity-Viscous region:

t < t < t

10

t= 0.375 -2 (B.14)

r= 0.98 ( 2 (i - e w)2 V4 / _))l/12 t1/ 4  (B.15)

Viscous-surface-tens ion reg ion:

t > ti1

r = 1.6 (in 1 / 2 of3/2 )1/2 tb/4  (B.16)

The thickness of the slick is given by:

SV(t) = V(t) 2 (B.17)[ A(t) /ol, r2(t

L Milgram et al., (1978) contend that the spread law in the viscous regime

dicussed by Fay (1971) is theoretically not valid. Their reasoning is

two-fold. First, Fay's model a-.umes that the water boundary layer is

laminar. In actuality, the Reynold's number based on the mean interfacial

velocity and slick radius is very large and the boundary layer is likely to

be turbulent. Second, for the gravity-viscous region to be favored over

Vi surface-t-nsion region, the ratio of surface tension forces to gravitational

forces must be much smaller than unity. Milgram et al., (1978) have

-Al demonstrated, using an order of magnitude estimate, that this ratio is

larger than unity. The gravity-viscous region should include the spread due[ 4 to surface-tension effects as well. This would yield a faster rate for the

spreading of the slick than the rate predicted using Fay's model. The

inclusion of Lurbulent boundary layer effects do not change the spread law

significantly. There are no simpler expressions which consider the combined

gravity-surface tension effects. We have used Fay's (1971) expressions for

spreadirg of the slick.
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Read in for each component:
1) Initial Volume 4) Specific Gravity
2) Wind Speed 5) Yield Percent
3) Time Increment 6) Boiling Point

Temperature

Evaluate for each component:
1) Vapor Pressure 3) Density
2) Molecular Weight 4) Mass

Evaluate: Initia Area

I-:

Initia a (me

44

Print Volume, Area, Thickness,'

Time Mass for each Fraction

: yeyen

TSolve Differential Euations

Using 4th Order Range-Kutta Method

yes Iime= Time TGa ityVsue Rgmen

Figure .1: Flowchart of the Computer Program of the

Multicompnent Evaporation Model
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Substitution of the appropriate spread law with the evaporation flux,

given by Equation (B.1) in Equations (B.6) and (B.7), leads to a set of

nonlinear coupled equations to determine the remaining volume and the

concentration of the individual components in the slick. These equations

were solved numerically with the aid of a digital computer.

B.2: SOLUTION OF THE MULTI-COMPONENT OIL SLICK MODEL

The resulting nonlinear equations were solved numerically using a fourth

order Ringe-Kutta technique. Figure B.1 shows the flow diagram of

thecomputer program. The input to the program is

- Initial volume of the spill,

- Wind speed and slick temperature, and

- Number of components and the following properties of each one of

the components:

(1) Density,

(2) Initial concentration,

(3) Vapor pressure (or boiling temperature), and

(4) Molecular weight.

For simplicity, we assumed that there was no evaporation in the

gravity-inertia region. The remaining volume of oil, area and thickness of

4the slick and the concentration of individual components as a function of

time were computed in the gravity-viscous and the surface-tension region.

The program was automatically terminated when the slick thickness was equal

to 3 mm. The computations were performed over a range of parameters. The

3 3
initial volume was varied from 100m to 10,000 m . The wind velocityr was varied from 5 m/s to 25 m/s an the slick temperature was varied from

10 C to 25° C. The specific outputs sought from this model were the

variation of the average density and the vpor pressure with time. These are

discussed in the next section. The various oils are given in Table B.1.
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8.3. DISCUSSION OF RESULTS

To obtain the variation of the average density of the oil remaining in

the slick with time, we nondimensionalized the density and the time by:

R = / 0 (B.18)

= t/T (B.19)

Figure B.2 plots the variation of R with the nondimensional time

difference (( - to ) for various initial volumes for light crude oil.

A least-squires fit to the '*.ta points indicated in Figure B.2 leads to the

following functional relationship for the variation of R.:

R = 1 + 1.43 x 10-4 ( T ,) 0 62  (8.20)0.6

Similar relationships were obtained for various wind velocities and slick

temperatures. The final expression for variation of R with time, slick

temperature and wind velocity is:

4.17 x 105 T 0.22 U0.32 . )0.62 (B.21)

Figure 8.3 demonstrates the variation of vapor pressure of oil as a

function of nondimensional time difference 1- 'o" A least-squares
0

curve fit leads to an expression for the variation of the vapor pressure P:

P - 2929 exp -1.95 x 10-  (1 o) (B.22)

The fin,-3l expression for the variation of P with dimensionless time and

temperature is:

"50 0.66 -5 0.22 t(.

P 350 T 0.66exp -9.67 x 10 T ((.23)i;s s0

Similar expressions were obtained for other types of oils. These are given

in Table 3.1.
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TABLE B.1
COMPOSTION OF VARIOUS TYPES OF OILS

Light Crude*:

Yield Percent Boiling Point

Specific Gravity by Volume (%) Temperature (0C)

.700 10.0 73.9

.786 19.2 151.4

.850 20.7 265.8

.890 15.4 376.4

.965 34.7 426.7

Heavy Crude*:

Yield Percent Boiling Point

Specific Gravity by Volume (%) Temperature (0C)

.72 11.00 121.1

.83 11.35 204.4

.89 12.76 323.9

.93 24.13 454.4
1.06 40.76 648.9

Fuel Oil #2**:

Yield Percent Boiling Point

Specific Gravity by Volume (%) Temperature (0C)

.80 20.00 221.1

.83 20.00 240.6

.85 20.00 260.0

.87 20.00 276.7

.89 20.00 304.4

Fuel Oil #6:

The average density of fuel oil #6 is 970 kg/m 3 and the boiling point
temperature is greater than 3250C. Therefore, we have assumed that there
is no evaporation.

* From Oil and Gas Journal, March 29, 1976.

** Fran Mark's Standard Handbook for Mechanical Engineers, 7th edition, 1966
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Nondimensional Time; Slick Temperature Ts = 250C, Wind Velocity U = 5 m/s
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APPENDIX C

THE EFFECT OF OTL VISCOSITY AND SLICK THICKNESS

ON THE DAMPING OF BREAKING WAVE TURBULENCE

The present droplet formation model is based on the assumption that the

smallest droplet sizes will be determined by the energy spectrum of the

turbulence generated by a breaking wave. Milgram, et. al. (1978) found

that typically the smallest droplets had a length scale lying in the

inertial subrange of the turbulence, in which case the droplet sizes were

independent of the microscale. Since the energy dissipation rate is a

function of the macro-length and time scales, the smallest droplet sizes

predicted are dependent on oil slick characteristics insofar as they affect

the macroscale; i.e., only as they affect the size of the breaking wave.

However, in the experiments reported by Milgram, et. al. (1978) the presence

of a thick oil slick was found to increase signficantly the smallest droplet

sizes, even for cases where the macroscale characteristics were

substantially the same. Milgram, et. al. (1978) hypothesized that the

existence of oil may increase the microscale of the turbulence to the point

where droplet formation no longer stops within the inertial subrange, so

that it may be affected by the size of the microscale.

Although the problem of a two-phase turbulent flow is extremly complex,

a simple approach, which was outlined by Milgram, et. al. (1978), is to

model the turbulence in a breaking wave as a singl.e-fluid flow, but one

whose viscosity is some .eightcd average of thaL of oil and that ot water.

For simplicity, a linear weighting may be used. The effective viscosity is

then:

/f (1 - h/t1 ) + h/t 1,2 (C.1)

where h is the thickness of the oil slick and tI is the thickness of the

turbulent fluid which rides on the crest of a breaking wave. A good

estimate for t1 is:

" 2
t 0.001 g/W0 (C. 2)
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which is approximately 0.001 times the breaking wave height. Although the

apparent thickness of a whitecap is somewhere between .01 and 0.1 times the

wave height, t1 is taken as less than this to account for the fact that

the oil lies in the region of greatest shear between the forward moving bore

and the rearward moving fluid beneath, so that it is extremely effective in

damping the turbulence.

When the effective viscosity of the fluid is large enough for the

microscale Weber number to be smaller than 10, or:

0.6 Z10 (C.3)e g52./e ff5 4 -

the droplet splitting process will stop at the microscale (Levich, 1962), so

that the smallest droplet sizes will be given by:

1/4 3/4

d 0 f .ef (C.4)
min 1/2

The practical consequences of this model are that for small amounts of

oil, the smallest droplet size is independent of oil thickness and

viscosity; whereas for large amounts of oil, the smallest droplet size

increases with both oil thickness and oil viscosity. These trends agree

with available experimental evidence.
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APPENDIX D

THE EFFECT OF WAVE DAMPING ON THE PROBABILITY OF BREAKING

Although the droplet distribution model assumes that the sea is

unaffected by the existence of an oil slick, there is some evidence that

this is not actually the case. Theoretically, an oil slick will cause ocean

waves to be damped at a higher rate than in the absence of oil. The

significant wave height within an oil slick might therefore be somewhat less

than that in neighboring regions of the ocean. Since higher frequency waves

are damped more strongly than lower frequency waves, the significant wave

period will also be reduced. Both of these effects will tend to reduce the

steepness parameter, and thereby the probability of wave breaking within an

oil slick.

The difficulty in quantifying this effect is that theoretical

investigations indicate that the effect is neglibible; whereas field

observations indicate otherwise. Often even relatively thin slicks appear

to calm the sea, and reduce the number of breaking waves. However, no

systematic field investigation of this effect has been carried out. In this

appendix, an approach is outlined whereby experimental data on wave damping

can be used to modify the droplet distribution model.

Assuming that wave damping is linear, and that the forces tending to

generate waves are negligible during the time they are within an oil slick,

we can take the local sea spectrum zo be:

* -)'(),h,QP ) x
S S(C,x) =S (40)) e (D.1)

S*(4)) is the ambient spectrum and x is measured from the upwind edge. Thej7 daping constant Y can be determined experimentally. If the frequency

dependence is taken to be the same as that of the theoretical damping

constant in the case of clean water, Y has the form:

1) qthv(h , )(D.2)

One can calculate the percentage of waves which break during one wave

period in an oil slick as follows:

Pt Pb(x)dx (D.3)
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where J is the dimension of the oil slick in the direction of the wind.
Pb(x) represents the local probability of breaking and is given by:

P (x) = -) 2c (D.4)
S(x)4 1

where W (x) is the local steepness parameter:

2.61 - g I/ 3(x)6
2  (D.5)(x E 61=H, () x

where here the significant wave height and average frequency are spatially

varying, and can be computed from the zeroth and second moments of the ]ocal

spectrum, given in Equation (D.1).

EquatLon (D.3) can be computed numerically, or may be approximated as

follows. One can linearize the probability of breaking about the ambient

steepness parameter to obtain:

Pb(x) = (D.6)

where the * superscript refers to the value in the absence of an oil slick.

Furthermore, since the damping constant varies as the fifth power of the

frequency, the second moment of the spectrum will change more than the

zeroth moment; or in other words, the primary effect of the oil is to reduce

the average frequency of waves, rather than to reduce their height.

Therefore, one can approximate )4 (x) as:

SJJS (4, x) d (D.7)gx H1 3 o0

rhis gives an expression fot the percentage of waves which break:

Pt 6.13 1 j2S e-I x dwdx (D.8)

0;4, g H 1/3 0

The inner integral can be evaluated, to give:

=t A4 6.13 1 2 (1 e d d4) (D.9)*t942 g Hl/ W S(W) 5L + 1 02
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ii.

If wave damping is large enough to suppress wave breaking in the inte:iot of

the slick, (or, mathematically, ijc."' 1> 1 ), then:

pt * 6.13 1 S d)
tg H1/3 J0 3 (D.10)

0*

In the case of a Pierson-Moskowitz spectrum, S can be defined as:

S (W) = A -B/Ad (D.11)
wo5

and one obtains:

* H
Pt 1.81 __,2 g 1 Z T (D I2

)4+I

- A* 2.17 (.3
,. 2 (D53

P' given by Equation (D.13), can be substituted for Pb in the droplet

distribution model to incorporate the effects of wave damping. The factor

in brackets in equation (D.13) represents the change in breaking probability

due to the presence of oil. One must be careful in using this equation,

since if 5is not much greater than unity, an assumption made in the

derivation is violated. For these cases, the equation could predict

breaking probabilities greater in the oil slick than in the surroundinq

sea. In these cases Equation (D.9) should be used.

The formula detived above for the probability of wave breaking in an oil

4 slick was not .:ed -n the predictive model because of the lack of available

data. Because wall oundary layers are much stronger than surface boundary

layers, this data cannot readily be obtained in laboratory experiments, and

must be obtained .it sea. Any field investigations of oil spill behavior

should include, at least, visual observations of wave damping and wave

breaking within the slick, and ideally would include precise measurements of

the sea spectrum both outside and inside the slick. Once data are

available, the droplet distribution model can readily incorporate the

effects of wave damping.
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APPENDIX E

OIL SLICK SIMULATION PROGRAM

To relieve the user of having to perform the difficult and tedious

calculations detailed in Sections 3 through 6, we have ;Yritten an

interactive BASIC program that performs these calculations more quickly,

more accurately, and in more detail than is possible with a hand-held

calculator.

Section E.1 contains a general discussion of the program, its

structure, input and output. Section E.2 contains a listing of the

program itself, the definitions of variables used in the program code,

and some notes concerning the code and its installation on other systems.

E.1 PROGRAM DESCRIPTION AND FLOW CHART

A flow chart of the oil slick simulation program is given in

Figures E-1 and E-2. The flow chart shows not nearly the level of

detail actually contained in the program; however, it does describe

the general structure of the program, and so serves as a useful guide.

The simplest and probably the most effective way for us to describe the

program is to follow the flow chart.

E..1 Overall Program Structure

The program is broken into four main sections: (1) the input

section, which performs the obvious function; (2) the initialization

section, which determines a variety of initial and constant values based

on the input parameters; (3) the -alculation section, which determines

the evaporation, spreading, dispersion, and other physical characteristics

on an hourly or semi-hourly basis; and, (4) the output section, which

prints the results in summary or in detail according to the user's

request. Each of these four main sections is composed of a number of

subsections or subroutines.
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FIGURE E.1

FLOW CHART OF OIL SLICK MODELLING PROGRAM

Read:.a Initial spill volume (in 3.

Calculate: * Runge-Kutta time step
AT (hr.).

Rpad: e Maximum simulation time, T max(hr.).

* Output display interval.

Read: * Number of components.

Input Section For Each Component
Read: e Specific gravity.

o Boiling point (oC).

9 Relative volume.

Read: * Speed of current (m/s).

* Temperature of sea (°C).
* Initial distance to shore (km).

Read: a Number of weather intervals.

For Each interval
Read: * Wind speed (m/s).

* 1/3 significant wave height (m).
* Duration of interval (hr.).

S_ _ _ _ _ Read: • Output flag (summary or detailed).

I Calculate: * Initial slick density.
e Initial component concentrations.

Initialization e Initial slick radius.
Section e Other initial values.

* Components' molecular weights.
* Components' vapor pressures.
a Ott.,r constants.
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FIGURE E.2

Yes

No

Calculate: o Evaporation & spreading

Calculation

Section
XHas

Yes lick sunk,
evaporated, or

broken up?

No

Calculate: o Min. and max. droplet sizes.

o Droplet dispersion distribution

and total dispersed volume.

9 Slicklet distribution, total

polluted area. I

Print: Input parameter table.

int: Slick volume distribution table.

* Slick area and thickness table.

aNo tal ed

.Outp)ut 
Otu

: Section

SPrint: * Volume, flux, density, thickness,

i and radius table.

• Min. & Max. diameter, dispersed vol.

and total polluted area table.

e Component mass concentration table.

* Droplet terminal velocity table.

* Droplet dispersion depth table.
* Droplet volume table.

C_ Stop
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E.1.2 Input Section

The input section of the program is fully interactive: the user

is asked to supply all input necessary for the run, is told what units

the input values must be in, and, when an input value is clearly incorrect,

is asked to correct the error.

The required input is of two types: physical/environmental and

program control. The physical/environmental input describes the physical

characteristics of the oil slick (volume, specific gravity, boiling

point, etc.) and the characteristics of its ocean environment (wind

speed, wave height, current, etc.). The program control input determines

how many iterations the program will perform and how detailed the output

will be. The physical/environmental input describes the problem; the

program control input describes in part how the problem should be solved

and how the solution should be displayed.

The physical/environmental input parameters are described in Table E-1.

This table gives the variables, theL units, and any size rescrictions
3(for example, the initial slick volume must be greater than 100 m , and

the ocean temperature must be between 0°C and 500 C). The program control

parameters are described in Table E-2. This table describes the decisions

the user must make and the consequences of those decisions.

One feature of the input section is nuL bhown on the flow chart:

after the user has entered the oil spill component data, these data may

be saved in a file and read back in during subsequent runs, so the user

can avoid repetitive and error-prone retyping. In the present version

of the program, up to ten different component data sets may be stored.

(This may easily be increased according to the capacity of the storage

tape.)

E-4



TABLE E-1

PHYSICAL/ENVIRONMENTAL INPUT PARAMETERS

Variable Meaning Units Restrictions

V0 Initial Spill Volume m V0 > 100

R(1) Specific Gravity of unit vol. component per .4 < R(1) < 1.1
Component I unit vol. water

B(1) Boiling Point of °C B(I) > 40

Component I

V(1) Relative Volume of parts component volume V(I) > 0
Component I per part total slick

volume

Co Speed of Current m/s 0 < CO < 5

TO Ocean Temperature C 0 < TO < 50

DO Initial Distance to km DO > 0
Shore

W(1) Wind Speed During m/s 0 < W(I) < 60
Time Interval I

@(I) Wave Height During m must be compatible
Time Interval I with wind speed*

.- 3-* .8j < @(I) < -2- [W(i) *1.2]G - -

See Section 5.4, Step 1.
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TABLE E-2

PROGRAM CONTROL INPUT PARAMETERS

Variable Meaning Comments

T2 Total Simulation Time (hr.) Must be between 10 and 140

times the Runge-Kutta time

step determined by the program.

Dl Display Interval A positive integer. Determines
the number of Runge-Kutta time

steps between displayed output
lines of the summary tables.
Must be small enough so that

at least five output lines result.

F File Number for Oil Spill An integer between 1 and 10.
Componeat Data

NO Number of Components in An integer between 1 and 5.
Spilled Oil

F3 Output Type Flag Set according to whether the

user requests summary or
detailed output.

Y1 Number of Wind Speed/Wave An integer between 1 and 10.

Height Intervals

I #(I) Duration (hr.) of Wind Must be greater than 0, and

j Speed/Wave Height sum of all durations must be
Interval I greater than or equal to the

maximum simulation time.

i,
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E.1.3 Initialization Section

The initialization section calcula.es a large number of initial and

constant values used in the calculation section. (A few of these "con-

stants" depend upon wind speed and wave height data that may change

periodically according to the durations of the weather intervals defined

by the user. When the weather changes, these "constants" are recalculated;

this is not shown in the flow chart.)

E.1.4 Calculation Section

The calculation section is composed of four subroutines, corresponding

to the procedures described in the four Chapters 3* through 6: (1) the

evaporation and spreading subroutine; (2) the droplet diameter subroutine;

(3) the droplet dispersion subroutine; and, (4) the slicklet distribution

subroutine. These four subroutines are executed in sequence, once for

each Runge-Kutta iteration, until either the maximum simulation time is

reached or the spreading and evaporation subroutine indicates that the

slick has entirely evaporated, broken up, or sunk.

The evaporation and spreading subroutine determines:

e component mass concentrations

e average slick density

e evaporated volume

e surface volume remaining

* slick thickness

* slick radius

*Actually, the more detailed spreading and evaporation procedure described

in Appendix B is used, rather than that in Chapter 3.
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The droplet diameter subroutine determines:

* minimum dispersed droplet: diameter

@ maximum dispersed droplet diameter

The droplet dispersion subroutine determines:

* incremental dispersed slick volume

* dispersed droplet volumes

* dispersed droplet terminal velocities

* dispersed droplet dispersion depths

9 probabilities that droplets remain dispersed

• total dispersed volume

(The droplet dispersion subroutine also adjusts the oil slick thickness

according to the increment of volume dispersed during one time step.)

The slicklet distribution subroutine determines:

. the total area polluted by oil slicklets

* the percentage of total polluted area covered with oil

The results generated by these four subroutines, along with some

inter.',ediate and constant values, are passed to the output section when

one of the stopping criteria (e.g., maximum simulation time or break-up) is

reached.

E.1.5 Output Section

- - The output section produces either three or nine output tables,

depending upon whzther the user has selected summary or detailed output.

Tables E-3 through E-11 show examples of these output tables, produced

by a run modelling a 100 m3 spill of light crude consisting of five
components. The first three tables (see Tables E-3 through E-5) are

always produced. (If detailed output were not requested, as it was in
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TABLE E-3

TABLE 1---INPUT PARAMETERS:

INITIAL SPILL VOLUME (CUBIC METERS): 100

SPILL COMPONENTS:

COMPONENT NO. 1
SPECIFIC GRAVITY: .7
BOILING POINT (DEG. C): 73.9
RELATIVE VOLUME: .1
VAPOR PRESSURE: 12028.314+590
MOLECULAR WEIGHT: 101.178

COMPONENT NO, 2
SPECIFIC GRAVITY: .786
BOILING POINT (DEG. C): 151,Lt
RELATIVE VOLUME: .192
VAPOR PRESSURE: 572.373055

MOLECULAR WEIGHT: 133,728

COMPONENT NO, 3
SPECIFIC GRAVITY: .85
BOILING POINT (DEG, C): 265.8
RELATIVE VOLUME: .207
VAPOR PRESSURE: 6.3894 10
MOLECULAR WEIGHT: 181,776

COMPONENT NO. 4
SPECIFIC GRAVITY: .89
BOILING POINT (DEG. C): 376,j

f RELATIVE VOLUME: ,15L

VAPOR PRESSURE: 8,28111L+E-2
MOLECULAR WEIGHT: 228.228

COMPONENT NO. 5
SPECIFIC GRAVITY: .965i BOILING PONhT (Der'G, fC): 2.

RELATIVE VOLUME: .34*7
VAPOR PRESSURE: 1.147432E--2
MOLECULAR WEIGHT: 249,354

CURRENT SPEED (M/S): .5 WIND SPEED/WAVE HEIGHT INTERVALS:

TEMPERATURE or SEA (DEG, C): 20
INTERVAL NO. 1

INITIAL DISTANCE T'O SHORE (KM): 10
WIND SPEED (M/S): 5

RUNGE-KUTTA TIME STEP (HR): .25 1/3 SIG, WAVE HEIGHT (M). .5
INTERVAL. DURATION (HR): 5

DISPLAY INTERVAL: 2
INTERVAL. NO, 2

MAXIMUM SIMULATION TIME (HR): 35
WINE, SPEED (M/S): .5
1/3 SIG, WAVE HEIGHT (M): iE-2
INTERVAL DURATION (HR): 35
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TABLE E-4

FtABLE Vo.'( : STRIBTON

SU R FACE F1ERCENr (IF PERCFNr 01 PERCENr O1
EI.f P ED VOLUME" I NITl At. INITII AL, I N' 1-1 AI 1I

T.I MK REMAINING VUI,UME ON VOI..MIE \UItJ4I.(FR) (M**3) VOLUM'RfACF FVAPORATE J .0:'iSPERSED

50 9 ,S P+0 . 1,, 95 .........8. .0
1 .5 0 Q .8 9 . 0 '1 . , : 1 ) .3 0 0

,,- 88 1.14, 06 0- 50 8.3221+01 83.22 1.6,61 .0"13,0 0 8 0 IE+ 0j 80'., 1 61 OR.6
3. 50 7, 685E+0 1 76. 21.5.1 L..0 0 7 , 3 9 3 k: .0 1 2 29 :-.. . ~oo 57 "31 3 241. 98 109.5 a61+OI 71 56 26.95 1,09500 6, 985F+01 69.85 2 .128 1 , _,50 6 , 9,9 --E+ .9 9"6,00 .,E..Ol 6909',1 28.39 1 666,00 7. 0f,+0'. . 0:3 28, SO .476.50 " 009E+01 70,09 217023E4.1 2R-, 62 2?-/ O0 ~7 0. , :.0 ,0 2"3

,5 -01 70, 34 28,86 808.0 0 7, 0321..0:1. 70 32 ",, Yo
9 s , 0 3 2 E ' n -0 +. 3. 2 9 . 1.0 5.1'0' 

90 70.29,50 "7, 030E+0t 70,3f 9,3"? 531 000 7 0 " 27E+0 70 2!7 29, l.- ,1 0* " . S1 0 " " ' 2 r .... 1 4 2 . 3 0, 0 , . ; .' , .I " " "2", . 2 9 " '
,0 0 7, 025[+ ' 73 9.[5 

2 ..
23

.0 5 0 7, 0311+0I 70,31 2.64 .0
70,31 :29.69.0.,00 7. 023E+0.I 70.',f:3 29.77 01 'o "70161.-.+01 "0.16 29. 8i. 00

" C S .'K BR AK S U P (ARE: A Vs, V0 uIMFLS O P P .T N G R.T 6 N REA " 4 E D
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]
TABLE E-5

TABLE 3-- PO.l,, FT' AREA AND SLICK (< f'HI CKN',:':

"1 TAL. PERCENT OF'
ELAPSED AREA TOTAL AREA SLICK
TI ME CONTAM 1NATED COVE'RE THICK NESS
(HR) (l<M x2) WITH O IL (MM)

0.00 1 '500E-02 100.00 6.667E+00

:.1. 0 1. '39E00 331 .342F0

"o -2 Il- E..--02 .70 E0 .,, 0 0E+

.00 "5. .. 102- 00 .00 1 756E4-00
0. 5 0 1 .. 2 1.:.... : 0' ] .00 9 . ") 0 7E--'

2.i O0 3 0 1'100 9 5.1V (26E--01.
2,0 6, 117E-OJ 1367 .00. iE'--016.00 9. 81 1E-0 1 2 9. 97E0

6.0 6 ,'~7 2 8 5. -- 0:1.
3 50 1. 193+ 00 12.71 2', 252 E- 0 .

.0o0 1,9116E+00 210 ,773F-01,
l.50 2 . 6 1 ...10 .0 1-3 7 : 1 1:3 9 E"-.. 0.

-.00 3,350E0 .17 39 .1.1991.- L
1"5. 170E+00 16 . 2 :L 111E--0::2

6 00 0, 08:.+0 1-,'5 0 7 9 :1112F-02
6 0 6 .089 00 ill 18 E4 i1.,E--0
1 . 00 1. 191 t +0 1 3,- 42 '7 2 7 -6--027 1 ,5;0 F1 .38G Ei:.0.0 12, 76 6 1 ', tit'..02

I 13.00 9?,68:31.0 00 12,18 5,963F:'.02

i .50 1 . 0 7E+01 :1. . , 7 5 ., i - 0' -1

1.00 1.256E"01 9.121 4.r996E-'02
19 . .0;( 1 L.iL 1 E 0 1 10 . 9 ., 6070L'.0:2

I0. . 0 01R 83 P+ 01 VS .I V L. L I.ML , 2 6 1 "-. 0 2
10 150 N I. 76:+01 1007 3 I9O6 1:0L' 1 'Li , 0E0 1 -1 L] 9 E r 1 1 Y. 7" , 1 ..:- , .

.,.Ibo12. I LI'7F..+.0 1 9 , 46 3. 1/ F"'-. 0'2
:1.2,00 2,3.5611...01 9.20 "1,24i2F"'O,:!

-' ' ~12 ,30 , 5't4 E:+0~l 1 8 95.:. A. 046F--. :

" . 9 S,'ffK BRI- IVS UP (OIRIUO VS, V13, UJI.L

.::" i ,~~ ~ ~ I JN(, UI E:R .: ON', RE:ACHEDI:'I),
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TABLE E-6

lADLE .--- DElA]LED SURF ACE" SLICK CHARACTRISl1IS

SURFACE EVAPORA1 ION AVE RAGE SLICIK SLICK
VOLUME FLUX DENSITY THICKNESS RADIIJS

I (Mx.*3) (KG/M**2/S) (KG/M**3) (M) (M)

I 1.,000E02 1.168E-04 0.688E+02 6.667E-03 6.9]0E01
2 9.821E+01 1.0150E-0 8. 717E+02 4,721E-03 0.137E40t
3 9,587EP01 8.059E-05 8,757E+02 3,3I7[F-03 9,549E401
4 9,362E4 01 5.955E-05 8. 797F02 2,741-03 1.043E+02
5 9.1I49E401 3.938E-05 8.836E+02 1 .756E-03 1.288E+02
6 8.959E+01 2.268E-05 8.869E+02 1.230E--03 1.523E+02
7 8.815E+01 1.318E-05 8.093E+02 9.207-04 1,746E402
8 8.698E+01 9.371E-06 0.901E+02 7.209--04 1.960E+02
9 8,588E01 7.67LIE-06 8.924 +02 t.026E-04 2.166E+'02

10 8,463E+01 7,219E-06 8,939E+02 4,812E-04 2,366E+02
11 8.322E+01 6.695E--06 8,906E+02 4,0L0E-04 2.561E+02
12 8.168E+01 6.109E-06 8.975E+02 3,437--04 2,7501E02
13 8. 008E+01 5,471E-06 8,996EF'02 2,957L-04 2.936W .02
14 7.844E+01 4.796E-06 9.017E+02 2.'569E--04 3.1181-02
15 7,685E+01 4,105E-06 9.038E+02 2,252E-04 3,296C+02
16 7.533E+01 3,423E--06 9,059E02 1.991E--04 3,471E02
17 7.393E+01 2.775E--06 9.078E+02 1,773E-04 3.643E+02
18 7,266E+01 2.185E-06 9,096E+02 t.59LE--04 3,812E+O?
19 7.156E01 1.671E-06 9.1IE+02 1I,419E 04 3,979E402
20 7.063E-*01 1.243E-.06 9,123E+02 1.309E- 04 4.t44>-:"
21 6.985E+01 9.027E--07 9.133E+02 1., 199E-04 4.3 07F+02
22 6.982E401 8,724E-08 9. 134EF02 1. 11E--04 4,'67E+02
23 6.995E+01 8.4 i1E-08 9.135E+02 1 .04 tE--04 4.626L402
24 6.993E+01 3.090E-08 9.136E+02 9,772E-65 4.783E>02
25 7.003E+01 7.762E-08 9,137E'02 9,142E-05 4,938E.02
26 7.009E01 7.430E-08 9.131F02 8.607F-03 5,091E+0:'
27 7, 009E01 7, 096E--08 9 139E+02 8 11DE--35 5,243E+02

ii 20 7.024 401 6,761E-08 9 O140E-02 7,686E--05 5,394E+02
29 7,023E+01 6. 427E-'08 9, 1L41E+02 7,276L-05 5.543E"402
30 7,021E+01 6.09SF-08 9.142F+02 6,901E-05 5,691E+02
31 7 034 2+01 5 768E-08 9. 143E+02 6,571E--0b 5,837E,02
32 7 036E+01 5. 448E--08 9. 144 E;02 6,25E-05' 9.83F. 02
33 7,032E+01 5,135-08 9. 145E+02 5,963E--05 6,27E+02
34 7, 030E;01 4,830E-08 9 146Ei-02 5,6931-05 6,2701=0
35 7,032E+01 4, 536r-08 9. 147E402 5,44SE.05 6,412t '0"

36 7. 032E+01 4, 253E-08 9 148E+02 5,213E-05 6. 553EF02

37 7, 030E 01 3,983E-08 9, 149E+02 '4.996E-05 6,6930>02
38 7. 029F+01 3.72SF'- 08 9. 150E402 4,794E--05 6.831E-+02
39 7 0300+01 3. 481E-0 9, 150E+02 4.,607E-15 6,969E>02
40 7.029E01 3 251E-08 9. 151E+02 4, 430E--05 7,107E O?
4J 7 027E+O1 3, 036E.-08 9 152E+02 4,264E-05 7,243E#02
42 7 025E+01 2 835E-08 9 153E+02 4,lO8E-05 7,378E+02
L3 7, 025E+01 2,649E-08 9,15303-02 3,962E-05 7,513E02
44 7,0433+01 2. 477E-08 9,154E+02 3.83'4E-05 7.647E+02
45 7 039E+01 2319E-08 9 155E+02 3,702E--05 7,700E+02
46 7.035E+0l 2.175E-08 9.155E+02 3.577-05 7,912E+02
41/ 7. 03E1+01 2.044E-08 9. 156E+02 3,459E-05 8.043E+02
48 7 027E+01 1 926E-)8 9. 156E+02 3,347E-05 8.174E+02
49 7. 023E'01 1 819F 00 9. 15W'02 3.242F-05 8.304E+02
50 7.019E+0i 1 722E-08 9 147E+02 3.141EI-05 8.134F 0?
51 7, (16E hOt J 122E-08 9 159E402 3,046F--05 8.562E.402
92 7.014E+01 1 121E-08 9.159E+02 2,956E-05 8.690E+0?'
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TABLE E-7

'I ABL.E 5-- I I AIL-'l DROPLET r ISPFRSION ANID
SLICKLE'r [IS rRIBUTTON RE-SUL 5S

SMALL LARGE VOLUME TOTAL
DIAME: rER DIAMETER .iISPERSE' P.)L. ARE:A

I (M) (M) (M**3) (M**2)

I O.000E+00 O,OO0E+00 0,000E O0 1,500E'+04
2 1. 1LOE-05 LI. 721E-03 0 000E+00 2 080E+04
3 t, 1401'--05 3. 3.7E-03 0,000E+00 2 86LIE+01
4 1 .L.O .05 2.741E'-03 0.O00E+00 3,LJ6*F'Oli
5 1,1OF-05 1.756E-03 1,725E-03 52121E+04
6 1 ILIOE.--05 1 230E--03 , 165E-03 7,283E+OLI

7 1,1'0E-05 9 207E-0i. 6 875E-03 . ,277E+05
8 1.14OE-05 7,210E:.0[I 1,756E-02 2.173L405
9 1.1 4OE-05 5, 89E-04 5,262E-02 3, 277E+05

10 1. 1IOE-05 LI 814'+E--04+ 9.091E'-02 4-,b 91 +05
It 1.14OE--05 4.0LI- 4LI0E-O 1,64160-01 6,J7E+-05
12 1,140E-'05 3,LI42F - OL. 2.817E-01 7,0J59E+05
13 1.140E005 2.962E-04I 4,156E-01 9,8181005
I 1,1IOE--05 2.574-E-04 5,715F-01 1,2000'06

15 1,0'+OE--05 2,257E-04 7,355E-01 1,LI39E06
16 l.JI.0E-05 1.995E-04 9.071E'-01 1,701[ 06
17 1.1 0E-05 1.778E-04 1,093E+00 1.9861-06
18 1. 1LIOE-05 1.596E- 04 1.288E+00 2.293E+06
19 1. 14OE-05 1, 4-4l-2E-04 1. '84E+00 2,622E4 06
20 1. 1IOE-05 1.313E-04I J.,681.E+00 2.975L:+06
21 1 it'.Ol:E-05 1.202E--04 1. 875E+00 3,350E+06
22 2, L97.E- 05 1,.1 13L-0l- 1 ,816E+00 3,74@E+06
23 2,4i93E--00 1.038E-0? 1 658EE00 L4.1 I701+06
24 2,493E-.05 9,727E-05 1.626E+00 LI,6.15E+06
25 2.493E-05 9,122E-05 1, 73E+00 5, 083E+06
26 2,'493E--05 8.592E--05 1 353F+00 5, 57lE4fl- 6
27 2,93E-05 8,108E-05 1,292E+00 6.089E+06
28 2.493E-05 7.662E-05 1,076E+00 6 628E+06
29 2,493E-05 7,271E-05 1 027E+00 7. 191E+06
30 2.493E'-05 6.897E"-05 9. 878E--01 7 777E006
31 2.'493E-05 6,553E-05 7,999E--01 8.388E+06
32 2.49+3E 6.250E--05 7.127E--01 9 022E.+06
33 2. I93E 5.,962E-05 6,960E-01 9681E+06
314 2.LI93F-F 5.A9F--f5 6 556F1-- .1 0+07

35 2.4 93E-05 5',439E-05 5,782E-01 1.107+0"7
36 2. '493E-05 5.209E-05 5, 24.1E-0I J 180E+07
37 2.4+93E-05 '4.993E-05 4+.876E-01 I ,.256E07
38 2.I93E-05 LI.791E--05 4,381E--0I 1,334E+07
39 2.493E-05 4.603E-05 3,812E-01 1,414.-+07
40 2,'I.93E-05 LI.L4,27E--.05 3.378E-0.1 1,I.497E+07
-41 2.4 L93E--03 4.262E-05 3,037E-01 1.58310+07
4+2 2. LI93E,-05 4. 106E--05 2.727E--01 1.671E.07
4+3 2.493E-05 3.959E-05 2.29LE-0I 1.7611E+O'
ILI 2. 4I.93E-05 3. 822E-05 1,268E--03 1,0.5E+07

'+5 2. 4+93E-05 3, 702E-05 1,320L-03 1,9'19;:.0?
46 2, 493E.05 3,577E-05 1., 382E-03 2, 0L7E'+07
47 2,493E-05 3,i59E-05 1,438E-03 2,147E+07
+.8 2,9. I3E.05 3,3/E-05 1. 149LIE-03 2,250E+07
'9 2, 4+93E-0 3.242E-05 1 ,54,9E-03 2.356E+07
50 2,Lg9E05 3,.5. .tIlE--05 1,605-03 2,L464E407
51 ?. 4+93E--05 3. 0'I6E -05 1.659E-03 2.570II+07
52 2.'493E-05 2.956L-05 1, .714L-03 2.687F+07

E-13

L____ ___ _



TABLE E-8

IaIrF ,, --CrIMPONENI M fSS flONCINiRil IONS (KG ('MOPONNI
PE'R C 'lIP 1' H1 URP W (9) [.

I L'OMP, AMP CO 2 lIP. 3 COiMP. I COMP.

I 7. O00E.01 .1 ,A0F 02 1 . 76OE +02 1 ,. 371F 402 3. ' f 02
2 5. 942. 01 1 ,.* 17F 102 1 .791E'-n2 t .396EI-02 3.141 iO -+02
3 ..5'29E4 0J t,' ITE.+ 0 2 1 .1135E402 1 . 130[ L 02 3. 493 02E+
t 3. 153E01 t . 63E402 1 '3791:'4 02 1 . 464lF+02 3. ,77E-0 '2

J, I . 87' 4 01 1 5,681.. (-02 1 9221: '-02 1 . 498FF 02 3. 6601'02
6 8. 501E+00 1. 55+02 . 962+02 1 .1530'+0 3.7371-402
7 .. U761 #.00 J .d 7[402 1. 99LI1 +02 1. 5SF- 0- 2 L. 7981.+0
8 0.000F400 1,I$157' 402 2 020F402 1575E +02 3 8+9Et02
9 0 00 OF '-00 1 3. 1-+02 2. 4O6f, '-02 I . E971 ±02? 3 901E 1 02)

10 0 000>E-00 1 2 89F+02 "2.0 71.E+02 1 620E+0.2 3.957E+02
11 . (11(1['400 J .106[ 0,? 2.105E402 1 649UE1'2 L. 0"20E+02
12 0 O00 O1--00 I .0721:-+02 2.t 4 -0 2 1 .67111402 11- 0901-+02
13 ('.000 4 00 9.4921>01 2.17, -02 1 70 t 402 LI .'+02
i't 0.0001-00 8,222E101 2.21lE102 1 '737E402 4.243E.02
I5 0. 0001: 00 6. 9i6E 401 ,2.252E+02 1.769L'-02 It. 322[:4-02
16 (0 000E00 ,,708E+01 2.288E'-02 I ,01E+02 Lj.3991'-02
17 0. n00400 .LI -2[401 321C.'-02 J 1.930E102 Li .121F-02
18 0 .0001:00 3. 515E+01 2.,501 t:" I 02 . 0b71-+02 t,537.. -02
19 0. A F(i n 2. E . *4'+01 2. 37tE4 02 I 880E40 2 LI ,,E94E+02
20 0. 0001+00 1, 893F+01 2 392L-+0"2. 1 900 1 t.642F+02
21 0 n00E +00 ,1 31E8401 ,01L+02 1 91 6E +02 LI 661 J.E.02
22 0 000E+00 I.2671.01 2,405E402 1 9171-02 i. 685E+02
23 0.000E:400 1..21401 .LO7Ef'02 j1 91Ef(I"It 60F91"02

24t 0 0001400 1 160F+01 2. t081-+02 I . 9201'. 02 I. 692E '-02
25 0 0f0l '00 1 J0';E 40 1 ,,t09 9E+02 1 .92"F+02 1I 696E'02

4 26 0 0001--00 1 0l90E+0l 2.i 1L+02 t 9231+02 4. 700F 1 '
2 0 000E.40 0 9,3.0E'00 2.0111'02 1 92!- I+02 4. 708LE+02

7 " 28 0,0001-00 9 93671000 2. I IIL+02 1.92.,E02 .9708I.02
29 0. 0O0E -00 8. 08E'1400 2. IJfJ21>-02 J .92 E'+02 I. 712[. 4. 02
3 0 F00+00 8 2511LF-'4A0 '2 Lj131"402 1 +930E0. I 716F+02
31 0 000E'400 7.7071 400 2. 41i' 02 1 . 932F1, 0 4t 7)JE02
32 0 .000E+00 7, 17- E+00 2, . [41 .402 1 .9331 f'-0 2 1I 725F+02
X3 0. 000. 00 ( /,A[9E4 00 2 41,',E402 1 .9"51 +02 LI, 729L+02
34 0.0 0 01,4.0 0 6. 1 t I F f 11 Lj4?!P4flfl 1f 9370 '.73"31±02

5243.5 0 000J-.8100 , 6tiE. 100 2.416..02 1 .93802.7371+02
36 0.000E'00 5 1801-00 4.16E+02E 1.940 E+02 4.,7401--+ 2
37 0 000E400 t 3U2*00 2.1t161 '02 1. 9l11 E'02 LI ,?L.I7E4"02

30 n .000+00 1F .302F+00 .2. 416E+02 1 ,t3r-f 02 I . 748E02
4 39 0 000E4.00 3,897E+ 00 2. 416F4 02 J,1 E0"20 +'I 71 E+02

LI40 0 000E+00 3.516E+00 2.41 6E+02 I, 9LI61--4 02 If. 7 0 ' 2, +,
t1. 0 00 0E'400 3. 159E1 00 2 tI1,.4 02 1 . 91,7E10. I 758E102
42 0 000E+00 2.826F -00 2.t 15f-±E.0 2 I ,948--+02 4 7611+"02
I3 0 ( 0001 .00 2 1 Ifl F 4.0 .I-I L 14. O, 1 I 950F4 02 4I. 76K 1402
14Ll- 0 000E+00 2,234E+ 00 2. 1 13F-02 1 .951E+02 i 76RE+)2
I5 0.00E 00 1 97L41>00 . LIj'E' 4 02 I 95 92 F 102 t 771 4 02
46 0 000E+00 1. 736E+00 2.t111102 1 9153Ef02 1i. 7 74E02
47 0. 000E.00 1. #- LII01+02 1 .95L1 '02 LI .776E402
080 .0001'+00 1 32 '+00 2. 409E+02 1. 951-'+ 02 t. 179E1-02
49 0. 000 1.0 1. I 0'400 2. LI 07F+02 1. -9561".f+02 If 7821E4-02
50 0.000E+00 0.000E+00 2.405E+02 1,9581--102 4.7BLIE'-02
51. 0.000E+00 0.0001"+00 2.,006E02 1.9611'02 4.792'-02

52 0 000E+00 0 000F400 2.4t0 1+02 1. 96.11*+ 02 4 7941>0 2-0
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TABLE E-9

TABLE: 7-...DROPLET lERMINAL VELOCITIES (M/S)

I SIZE 1 SIZE. 2 SIZE K3 S. IZE: 1

1 0, OO00E400 0 O0OE"+0O 000OE4'O0 0 O0OF+O0

2. 2. .1BE--02 7 3E--02 9. 9581-2 17 187--0 1
3 1. , .3E. 02 6. 406.--O2 8. .25SE--02 9, 759E-' 02
4+ 8.1.19E-03 5 .7071-02 7. 351E-02 8. 689E--02
ja 3. 3.I'OE.'-03 2.810IE-0.2 5 .-7921.--n0- . :L IErrI,,,.,.. .,. 6 LtIE -

6 1,652E--03 1.352E--02 3. 683E-02 5 6LW61--02
7 9, 139E--Oq 7, 193E--03 2 028E'--02 3, 930E-.02
8 6. OOI.E--Ol+ 4- 612E--03 1. 2391:..-02 2. 39'1E-02
9 .. ,023,-- 0 , 9871--03 7 , 965E--- 0, 1. 2 3tI-I , 02

10 2. 85E-0I. 2, 035E-03 5, 383E--03 1. 0331E-02
11. 2. 083E-"4 1 . ,LI-33E-03 3. 756E--03 7. 177-'E-03
12 I.569-.-0l+ 1,036E-03 2.688E-03 5113(--03
.1.3 1 209E--OLI. 7 .6LI-.YE--OL •  1 . 963E-..03 3. 17F-.03
14 9 . 522.05 3. T'37 -E- 04 1. .'621- 03 2 51,- "03
15 7, 6.1SE-05 -1.ILI-E-OLI -  I .107F.-03 2. 07LI.E--03
1.6 6. 25tl.E-.05 3. II.-E-IT 0 .5331--0F 1 1 589E--03
17 5.209E--05 2 .736E-OL 6. 689'-04LI•  1 238f--03
18 1l. 1-4..E-'O" 2. 210 E'-.0 5,332E-0s 9. 806E-0'4.
19 3 .802E-05 1 .817E:-O. 4 .322E-O04 7 897"-0l
20 3. 3271:.--05 1,5181 -04 3. 561.1--.0 4 6, 4.62E-..O .
21 2 .953E- 05 I .287E--OLi. 2. 97.E-.(O 5 .
22 6 02"5E--05 1 .551 2.I 2 , 94.OE-0L 4., 7691"-OI4

23 5. '70 5E..--05 1 11-00E-"04 -  2. 596E--"OLI LI. ""'E- "L

211 5.4-36E--05 I 276E-OL- 2. 317E"--04 3 666E-..Oi
25 5. 190E-05 I 166E---O. 2. 071E .'-.0 3 235E-0s.
26 11., 980E--05 1 0TiE"--04. 1. 68E-.-0 . 2. 8801-Oi
27 11. "9lE- 05 9. 921--05 1 691 E-OLI 2 F;i1E. 0'1
28 4..619E-05 9.204.E- -05 1 "5351K.--0. ' 2 3071--Oil
29 +. L.71E.-..0S 0. 596E"-.05 1. l06[--.. 0 ' '2. ..-Oi.
30 Ll. 332E-05 S3 033E'-05 I 287E--041 88" E"--O'.
31 I.1 . 206E-.05 7. 531E:--05 1 12 2 '0 Ll. J. /.O' l
32 1. 0951--.05 7 I03E-05 I 093E-O1 - .1 55 9F--.1I
33 3,992E"05 6. 707E--05 . 0 12E--t0L J Li 2L[F:'-.(IL
31.1 3 .895E--05 6 _3.L.E--05 9 386E-05 1 302---''i.
35 3. 807E:--05 6 .0.L8E-..Or 8 7 +E.O4 05 1 .195E'-OW.
36 3.727E--05 5. 77F'--05 8 155E- 5 I 1.E0 11-'OL
37 3. 652E--05 5, .6iE-05 7 .631 '-- i . 016E-- 01
38 3. 583E-05 5 217E-05 7. 156E-,5 9 1 I 011-0'

y39 3.520E-05 4,995E-05 6 728E -05 718E..5
4+0 3. 461E-.05 4. 7921--0'5 6. 340 ---0 '' .0L-..+E-05
4I .1 3. 405E...05 4.. 6f5E.-O5 . 986 .0 5 7 5LI.7E:--05
1+2 3. 35Li.E--05 l. LI-32E--05 5. 661E-01 7. 01E-0 -O'5
L13 3. 306E..'05 l..273E-05 5. 36F.E. -05 6. ,8OE--05
44 3.261E--05 4. 126E'-'05 5. 093['..-05 6. 16 21--05
l.5 3. 222E--05 1.I O00E-05 4. 863E--05 5 8 1. OE-..05
'+6 3. 182E-05 3. 871F-05 '; 629E-05 r5. 415+-41" - 05
4+7 3. 13.+E-.E:-0 3 7 -O 1. M 0531-0 5 5. F -8E'-05
1+8 3. 109E-05 3. 6'-OE-05 LI. 2111 F-- 0 '5 .8291,"-05
149 3 .075E*-05 3. .36E.-. 4 029E:-,O.,1 1'
50 3. 080E-05 , 4'79E'-015 3903E-05 t,'-"1. 352---05
bl 3. 0 0 .3 ', ,..2E-05 .. . 3 .693E.- 0" .06 2'E -05,
52 2.982E--05 3.25%E-O 5.547E--05 "3-8OE"-0,
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TABLE r-10

T"I. IlE ... D RO0- 8- [ .L."IC D FSPFRSiON PE P'THS (M)

S' 1: E 1 SIZE 2 SIZE 3 SIZE, L

1. 0 000E:400 0. 000E.00 0 000E.+0, 0 O00E"O0
2 1. '7801E1-- . 5. .804: -02 'i. 5021. 02 3 807E-02
3 3 . 607C.-.01 6 . 99SE- 02 5 30k-..02 L. 593[:-02
ii , 501E-0 1 85-F-02 6. 098[-0 5 159E-?
5 1. ,3L2E f0 0 1 595:U 1.0. 7 738E'-02 6 550E-02
6 2. 713E00 3.3 -15[E-101 1 21.E- 01 7. 939-02
7 I-.,7L.9E+:.p 0 5 982E--0 1 2 . .0 --0 1 1. ,1 OFE-"0 i
8 4 793E+00 9,7200.-Ol 3. 6171--01 1 872E-0
9 L 793E-.0 0 .1. 50 1f- 5 628E--0 1 2. 923:-'01

1.0 4. *7931-00 ' .2021 00 8. 320f-8 01 4t4 .1 311-01
1]. 1 ,793E+ 00 3 J.27E+O0 I 1 93E+00 6 2 61'-' 0 1
12 L ' 7931--00 L. 328E40 0 1 668+00 8 . 76SB--01
J3 4f.793E+00 I. 793E"'00 2283E-00 J .206E+00
14 L4 7931-+00 i. . 793+00 3 067E+00 1 6281-+00
15 L4. 793E+00 4. 79'3E+00 L. 0481-+00 2 . 161E400
16 L 793E+00 'i .793E+00 4 793E+00 2 821E+00
17 4. 793E-00 .. , 793E+00 L4 793E+00 3,62E+00
18 4,793E+00 4, 793E+00 4.. 7931+00 1 ... 71E+00
:19 9. 7931,00 '1.,793Ei.i.0 0 4. 794 E"00 II 793E:+0 0
20 L4. 793E+00 , 793E+00 4. 793-+00 LF '793E+00
21 Li- 793 F 0 0 L 9, 793E4" 00 4 793E4'00 L[ 793E-.00
22' 9. 586Er..r02 9.56-0 201x.f* 9 586EA1-029 '5 C" E-

23 9. 586E-02 9 586F-02 9..56E-02 .56E--0o
2L. 9.586E--02 9, 586E-02 9 , 586E---02 9, 586E--02
25 9. 586E>02 9., 586E--02 9 ,86E-0. 9. 586E--02
26 9. 5861'-02 9 ,586E-02 9, A.-02 9. 5861.--0 2
27 9 586E 02'.. 956E-029 ,.586E--02 9 5861--02
28 9. 58611-0,. 9, 586E-02 9.58/E--02 9. 586E-02
29 9 5861:.02 9 ,586E-02 9 586E:--02 9.5861E-02
30 9. 586E--02 9, 586E-02 9, 586E-02 9 5861-02
31 9 .586E*-U? 9.586E--02 9,586.'-U02 9. 58j6E-02
32 9.5861-02 9 586E--02 9,586E-02 9,586E"-02
33 9. 586-? 02 9 .586E-02 9. 586: :02 9... 5, 6--U 0
31 9 586E--02 9 586E--02 9 ,586E-02 9 ,.586E-02
35 9 , 586E-02 9 586E"62 9 , 586E--02 9. 5 6F023 . 0 . ,86[>-U, 9) 586E-/n 9, 586E--02
37 9,586E--02 9 .586E.-0 9 ,586E-2 9.586E'-0
38 9. 586E.-02 9.586E-02 9,586E-02 9,586E--02
39 9., -36102 9 , -5 "1 9 [7> 0_ 9 ' - 02986E"0-U? 9,5860 9 586E-02 9, 586E"0,2
4.0 9 586E.02 9. ,56 :-'02 9. 586F-02 9, 586E102
421. 9 . 61 2 9 ,86." F 02 9 .9586E.--U..9...7.6....0
L3 9,586E.-02 9, 586E-02 9 (5861--02 9 .5861'--02

43 9 5861.'-02 9 586E-02 9 586E--02 9 5861---02
+4 9 , '5617-- 0" 2 9 . .6-02 9. 586E-02 9 586E"02

46 9 ,5(861:-02 9 586E-0 9 . 586E--02 9 , B36E--02
117 9 586E-A02 9 .86E- 02 9 586E..-.02 9. 5G61""0'2

418 9,586: 02 9 , 5861E-02 9. 586-U2 9 ,586E--02
419 9. 5861:-02 ") , 3 86 --02 9. 56. -. 2 9 5861 -02
50 9. 5861:-U 9 586E- 02 9.5861-02 9 586E-02

-1. 9 tl. 9 ,,861. 0 ... 9 'U86['- 02 9 .586M:-02e 9 58J6E1"-0,.
:1"%52 9 1581,6 0- 02 9 5)36 1:'- 0 2 9, r386 E.."02 9 86['" F 0,

1. 9.536F£-0$ 9 ,5861- 02 9 , 586E--02 9 ,586E--0252 9 ,5862.- 02 9 ,586E"02 9 .58613-02 9 5 86E-02
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TABLE E-il

TAB3LE 9--VOLUME IN I:'ROF'LETS (M*(3)

I ,IZE J. 3IZE 2 SIZE- 3 17E 4.

1 0 000E+00 000E+00 0 000E+00 0 O00E+00
2 000"7E-03 7 4.37E-02 2 050E-01 I 1. 869E--01.
3 3.98L.E--03 7. 282L--02 2. 001E-01 1 .822E--0i
4 3. 94.5.-03 7 127E-02 I 954.E-01 I ."777E--01.
5 i.. 023E-03 7. 013E-02 1. 908E--01 1.. 730E--0 1

6 41. 01--03 6. 923E--02 . 867E--01 1 687E-01
7 0301E:.'-'03 6. 873E"02 1 836E- 01 651 E'--01
8 4. 501E--03 6,849E--02 I 810E..01 1 .6201--0.1
9 4L. 732E--03 6. 837E--02 1 . 786E--01 1 . 591E-01

10 1+.985E--03 6.815E-02 1.758E--01 1,557E--0I.
11 5.265E-03 6. 788E-02 1. 728E--0 1 1. 521E-01
12 5,5731E--03 6.'755E--02 1 69L4E---O I I.482E-01
13 5.91iL.E-'03 6. 718E--02 I. 658E--01 1 .L-OE.-Ol
14+ 6 293E-03 6 683E-02 1. 622E-01 1. 398E-01
15 6. 74 E"-03 6.653E--02 I . 586E-.0i I . 355: E--0 1
16 7.181E.-03 6.630E--02 1 551E-01 1 .31l.E-0I
17 7.699E--03 6.619E-02 1 518E-01, I 27'i.E-OI
18 8,270E-03 6.620E-02 1.L.88E-01 1.237E--01
19 . 89LIE"'03 6. 634..--02 I tl.6 1E---01. 1. 20 E-.Ol
20 9. 5751-03 6.662E-02 t , 437E--01 1 .1 J71E--0:t
2 1 1., 031.E--02 6.703E--02 1. ,..SEr.--01 1. 14.2E-0I
22 3,325E-..05 1 0q.OE--O'l I - 628E-Ol. 12117-04
23 3,859E-05 1 . 060E-O 1. .,606E--04 I OE851E-04
24 4, 2061E.-05 .. OB1E-01. 1 . 586E-04 I 052E--Oli.
25 i., 572F:-05 . . 100 EE-01- 1 562E--04 016E-04
26 4,94.8E--05 .119E-04 1 .L,0E.'"'Ol. 9, 8321E-05
27 5. 338E.-05 JI 1.37E.--o0.i. . 517E-..04 9, LI-96E.0
28 5. 7 L01--05 1 153E-0ii • I [I9E-'OI4 9 15117-015
29 6 IL .E--05 :1. 171.E-04I. 1 . 6. 9E'-- 0Li. E. @4 SE .05

30 6. 570E-.05 1 18.5---LI 1 Li..IF- 0. 8. 590E---0
31 6, 998E--05 I 1.98E.-OL -  1 , .1 3E---OI 8. 175E-"05
32 '7, LI-30E--05 1 212E-01. I 389E-04. 7 8811--0,
33 7. 868E."05 .1. 22L.E'-"Ol. J 362E--0 I. 7 , 0E--,5
31 . . . v,J . 4 23 .- O4 L 3,1 L- -.-OL •  7 2591-:-05

35 8, ?,E--0, ... 0.5 1 .243E-04 I . 30L.L-E'OLI. 6. 959F-05
36 £ 1991"-0 3 1., 2 5',E 1--. 01 . 276E--04 6 675E--05
37 9. 6L.31:.- 05 1 2,9E.-O4. I. 2118EL-Oil 6 395["' 0 t:
38 I 0091E-O-' : 1 265E-U0. 1. 220E-01 . 6. 1221- 0t5
39 1 0 5 2 L. I 27,1E:-OLI .1 021 -04 5 61. E' -05
4. 0 1 096E--04. :1 276E-04. 1 .65E--04. 561:11-- 05
4i.1 . I.139E..0O4 1 , 80E.-L4 1 . .38E-"04 ,. 3,69E.'05
Li.2 1 1 823 E -- 0 El 1L 2 8 0 .. 0 I, 1. .1. 3 B E .- 0 4 5 1 3 6 9IE- 0 5
4.2 1 .182E-ol04. 1. 283E--"4 I :1,11 .E-- 04 5 .3 4 417 0 1
4.3 1. 22. L 0. t. 1. 285E1:-.. . i 08l: -.011 Li, 909 "..,05
L44 1. 265E-04 1 286E-'OLI. .1 058E-04. 4. 6951-05
45 1, 306E'O- . 1 29:1.E-"0 i. 1 0 30E-'0;. 4I., 5.E:- 05
L46 1 34.6EL-04 1 290E-. 1 0:2E-04. 43., LSE" 0-1
1+7 1 .3E3[5E-O . :1 29 ,..0 'L 9. 870E--O5 LiJ.1.1E'-05
i.9 1. 4-231--04 1. 288E"-'0O 9, 625J'-05 3,9361' -03

Li.9 1. 1.60E-04 1 286E--04 9. 38)6E-".05 3, 760E" 05
50 1 L-97E-4LI. 1 284E-O4. 9. 153E-0 3 5.?. 0',

I1 1. 5IE'-OLI 1 281E-0...04 8. 930E...05 3, 4 E-.. 0 5
52 1 ,567E--.OL 1. 278E"04 8. 7:L3E--05 3 2 (32 E"-=... 5
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this example run, then the components' vapor pressures and molecular

weights would not be given in the first table. Also, in this example

run, the display interval was 2; hence, as the Runge-Kutta time step

for a 100 m3 spill is .25 hours, results were printed every half hour

in the second and third tables.) The last six tables (see Tables E-6

through E-11) are only produced when detailed output is requested. (In

the detailed output tables, results are displayed for every iteration,

regardless of the display interval or the time step.)

E.2 PROGRAM LISTING AND NOTES

E.2.1 Program Listing

The program code is divided into two files, due to capacity restric-

tions on the IBM 5100 on which the program was developed. The first

file contains the input, initialization, and calculation sections; the

second file contains the output section.

I

[i

I E-18



0010 REM **********, ,*****
0020 REM
0030 REM THIS PROGRAM MODELS THE BEH4AVIOR O OIL SLICKS
00140 REM ON ROUGH SEAS, PARTICULARLY TiHEIR SPRIEADING,
0050 REM EVAPORATION, DISPERSION INTO THE WATER COLUMN,
0060 REM AND EVENTUAL BREAK-UP INTO SMALL SICKLET,3.
0070 REM
0080 REM THIS PROGRAM WAS WRITEN FOR THE: UNITED STATES
0090 REM COAST GUARD BY JOHN K. OSTLUND OF ARTHUR D.
0100 REM LITTLE, INC., JULY 20, 1981,
0110 REM
0120 DIM R(5) ,B(5) ,A(6) ,V(5) , E(6) ,T(0) ,W(1 0)@( 10) ,(10)
0130 DIM Y(6) ,G(5) , I ( Ll 1), ( j 1I11) ,S(ILI..)
01.L-0 DJ1M P(5) ,M(5) ,C'( 1 L l ) ,F (6) ,I<( 1.41.)
01.50 DIM L(14.1.) , H(141) ,N(ll.Il), D(1LI,1) ,U(1 L.I, 4)
0160 lI M O(111.1,LI.) Z(1LI-J.,Ll.) ,X(3 J.) Q,(,..1)
0170 REM **i*******.x,-(*i(
0 I.81 REM
0190 REM * MAIN PROGRAM **"

0200 REM
0210 GOSUB 0370
0220 GOSUB 1680
0230 FOR T0=2 TO N
02LO PRINT 'ITERATION NUMBER: 10
02,.,-0 IF:" I0.:I(Y2) Y.:.Y1 GOTO 0280
0260 Y2=Y2+l
0270 Gf'SU B 211.80
0280 GOSUB 25,50
0290 uLF F'2.::0 GO O 0340

L 0300 (3OSUB 3910
0310 GOSUB 4:1.40

*0320 GOSUB L1960
0330 NEXT 10
03140 GOSUB 5310
0 J50 CHAIN E 80 1
9 360 END
0370 REM **.).
0380 REM
0390 REM ** INPUT *

i 01400 REM
O0:I.0 PRINT INITIAL VOLUME" OF SPILL. ( 11LCD.iC' METEIRS )?'
01420 INP:UT VO
0l130 TF VO.:100 6010 0460
OLII 0 PRIN'T 'THE: INITIAL VOL, UME MUST BE 1.00 OR GREATE' R,
0450 GOTO 04.10
01.60 IF VO::.500 GOTO 01490
01470 T3-=,25
01480 GOTO 0 530
OLI90 IF VO'>5000 GOTO 0520
0500 1'3=. 5
0510 GOTO 05,30
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0520 13=1,
0530 PRINT 'THE RUNGE-KUTTA TIME STEP IS ';T3; ' HOURS.
05L1.0 PRINT ' '
0550 PRINT 'TOTAL SIMULATION TIME (HR) (MUST BE ' ; I.O*1'3
0560 PRINT 'OR LESS)?';
0570 INPUl T2
0580 IF T2.L9,999*T3 (OT( 0610
0590 PRINT 'THE SIMULATION TIME MUST BE ;10*T3;' OR GREATE.R,
0600 GOTO 0550
061.0 IF T2::'1.4.O O.1*T3 GOTO 0550
0620 PRINT 'DISPLA IN'TERVAL (INTEGER--NUMBER OF RUNGE-KUTTA'
0630 PRINT 'TIME STEPS BF-TWEEilN DISPLAYED OUTPUT LINES)?
06-0 INPUT Ei
0650 IF: I.&DI=INT(1I) GOTO 0680
0660 PRINT 'THE INTERVAL MUST BE A POSITIVE INTEGER,
067n GOTO 0620
0680 IF D1*l3:T2/..9999 GOTO 0720
0690 PRINT 'FEWER THAN 5 OUTPUT LINES WILL, RESULT. CHOOSE'
0700 PRINT 'A SMALLER DISPLAY INTERVAL,
0710 GOTO 0620
0"720 PRINT 'BASED ON A ' ;T3; ' HOUR TIME STEP AND A DISPLAY,
0730 PRINT 'INTERVAL OF ';D1;', THE SIMULATION RESULTS WILL'
07L+0 PRINT 'BE DISPL.AYE: EVERY 'T3*D1; HOUR(S) . IS THIS'
0"750 PRINlT 'SATISFACTORY?'
0760 INPUT Al;
07"70 IF" SR(A$,1)='Y' GOTO 0800
0780 PRINT 'ENTER A DIFFERENT DISPLAY INTERVAL.'
0790 GOTO 0610
0800 PRINT 'rio YOU WISH T'O ENTER THE- OIL SPILL'0810 PRINT 'COMPONENT MAKEUP FROM THE TERMINAl (ENTER ''T'')'

0820 PRINT 'OR FROM A FILE (''F'-)?';
0830 INPUT A$

3108-0 IF A$: 'T' GOTO 0980
0850 PRINT 'ENTER FILE NO. IN WHICH IATA ARE STORED.'

0860 INPUT F
0870 IF' F:.O&F.:i GOT'L) 0900
0880 PRINT 'MUFT BE BETWEEN 1 AND 10.'
0890 GOTO 0850
0900 OPEN FL.O, 'I--O ,F ,IN
09 10 GET FLO,NO
0920 FOR 1=1 TO 110
0930 GET F1, R(I) l(I) ,V(I)
091+0 NEXT I
0950 CLOSE FLO
0960 GOTO 111-20
0970 PRINT
0980 PR:i:NT 'NUMBER OF COMPONENTS IN SPILLED OIL?'
0990 INPUT NO
1000 IF NO::.O&NO::6 GOTO 1OL1.0
1.010 PRINT 'THERE MUST BE BETWEEN I. AND 5 COMPONENTS.'
1020 GOTO 0980
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1030 PRINT
1:O10 PRINT 'FOR EACH COMPONENT, ENTER THE S P CIFIC GRAVITY,
1050 PRINT 'BOILING POINT (DEGREES C), AND RELATIVE'
1060 PRINT 'VOLUME (THAIT IS, PARTS COMPONENT PER PART'
1070 PRINT 'SPILLED OIL).
1080 V:t=0
1090 FOR I=1 TO NO
1100 PRINT
1110 PRINT 'FOR COMPONENT ;I;
1120 INPUT R(I),B(:),V(I)
1130 IF' V(I)::O GOTO 1160
11.L.0 PRINT 'THE RELATIVE VOL.,UME MUST BE GREATER TIHAN ZERO.'
1150 GOT'O 1100
J.160 IF R(I):,L1&R(I):.1 GOTO 1190
1170 PRINT 'THE SPECIFIC GRAVITY MUST BE BETWEEN .4 AND I.i.'
:1.180 GOTO 1100
1190 IF B(1)P'+0, GOTG 1220
1200 PRINT 'HE BOILING POINT MUST BE GREATER THAN LFO,'

1210 GOTO 1100
1220 V'=V1 V(1)
123 , NEXT I
1.24 0 FOR I=l TO NO
1250 V(I)=:V(!)/V1
1260 NEXT I
1270 PRINT 'DO YOU WISH TO WRITE THE 01. SPILL'
1280 PRINT 'COMPONENT MAKEUP TO A FILE?';
1290 INPUT Al
1300 IF STR(A$,I,I)#i'Y' GOTO 1t420
1310 PRINT 'ENTER FILE NO. IN WH. CH DATA ARE TO BE STORED,';
1320 INPUT F
1330 IF F::.O&F-.::11 GOTO 1360
1.3110 PRINT 'MUST BE BETWEEN 1 ANI: 10.'
1350 GOTO 1.310
1360 OPEN FLO, 'ELO' , F , OUT
1370 PUT FLO,NO
i 1:F1 FOR I=1. TO NO
1390 PUT FLO,R(I),B(I),V(I)
1100 NEXT I
1 1 i10 CL, OSE FLO
:1.-.20 PRINT
-1. 30 PRINT' 'CURRENT SPEED (M/S)?';
144LI0 INPUT CO
Ii50 IF C0.*0&CO-'5. GOTO iLV'0
l1+60 PRINT 'THE CURRENT SI *D MUST BE BE'TWEEN 0 ANt' 5.'

"L70 GOTO iLt20
1+80 PRINT
:1490 PRINT TEMPERATURE OF THE SEA (DEGREES C)'?"
1500 INPUT TO
1510 IF TO O&TO'<50 GGIO 15140
1520 PRINT 'THE TEMP. OF THE SEA MUST BE BETWEEN 0 AND S.O
1530 GOTO 11480
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.... : . ... ..... • . .... .. .., .. - - ,7 .. ... : _ . ..F. ..4 .. .. ..-.-. -...- .. .

1540 PRINT
1550 PRINT INITIAL. DISTANCE T'O SHORE (1(M)?'
1560 INPUT DO
1570 IF' DO:.O GOTO 1600
1500 PRINT 'INITIAL DISTANCE TO SHORE MUST DE GREATER THAN 0
1590 GOTO 151i0
:1.600 GOSUB 5'450
1610 PRINT 'DO YOU WISH SUMMARY OUTPUT ONLY (ENTER ''S' )
1620 PRINT 'OR DETAILE.D OUTPUl (' 'D'')?'
1630 INPUT A$
:1.640 F3:0
1650 IF A$--'S' GOTO 1670
1660 F3=1
1670 RETU RN
1.680 REM -
1690 REM
1"700 REM ** INITIALIZATION *y
1710 REM
.1.'720 G=9 , 81.
1730 R1=1000,
:1 7LI.0 N 1. -:::L , E"- 0 6
1750 PO1 . E05
1"760 K<0=1. E--08
1770 1=. 0"3
:1780 1'0 0TO+273

1790 FOR I:Pt To NO
1800 B(l ---,.(1)+2"73
1810 NEXT I
.182.0 REM ** CALCULATE AVE SLICK DENSITY -x
1830 R0=0
:El11. 0 FOR 1 -1. TO NO
1850 R0=RO+R(I)V(1)*RI.
.1860 NEXT I

1870 ,(1)-=:RO
. 1.880 T,-.1*2*3600,

19n T:X=T 3* u0 .

F:1.9(0 0 Su''. :--Vn(
I 1910 F7OR 1= TO NO

1920 .", I)rV(I)*R ] )wrpj
1930 R2=B(I)/TO

1950 M ( I: 42x (B (I 06, )

1960 NEXT I
19"70 T,:: 0
1900 N=INT ( 2/T3)+1

.1990 E N0::N0+I
2000 N LI.::: 8, E "0 6
2010 ZO= (I ,--IRO/R1)*G
2020 '7=.5L6*(VO/(Z*ON1))t(,333333)
2030 IF T3/2,.::'T7 GOTO 2060
200l-( N(I)=1 14*( (Z0*VO).t 25)*SO R(T3/2,
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2050 GOTO 20'70
2060 N(1) .98x(0Zt2. t-V014, /Nl) ,0833333*(T"3/2. t.25
2070 H(1):,.(1)/(3, 1116*N(1) 2,
2080 1:2--=0
2090 10=1
2100 K(1):=O
2110 L(1) =0

!120 D( 1):0
2130 FOR I=1 10 14.
2150 LO(1 1).0
2150 (1, I)=0
2160 Z ( . , 1 ):0

21"70 NEXT I
2'L80 DATA .5, .5398 .5793,,.6J79,, , 6 ,5'1, .6915
2190 DATA .7257.,758,.788i,.8159,.8413
2200 DATA 8643, *884L9,,9032, 9192,.9332
2210 DATA .9052, , 9554, , 9641, , 9713, ,9773
2220 DATA 09821, .9861,,9893, ,9918,.9938

2230 DATA .9953, .9965 .,99"74, .9981,. 9981
224, 0 FOR ':::I TO 31
2250 READ X()
2260 NEXT I
2270 RESTORE
..22.80 L,0:. , l. X. .( 100(.(,

2290 I: I. 100000, GOTO 2310
2300 L0'- "000 00,
231.0 (,)( .-S( t )/H 1)
2320 L,1 =0
2.3 3 0 1.,2::..0
S23Ll-0 ,..u" 0
2350 D7:-2
2360 1(1)=0
2370 T(2=0
2-8 ,30 T( 3 )0
2390 T(tl )=0
2100 F.OR T, TO NO
241 U(2=S2-(,( I , I ) /M (I
2420 NEXT I
2430 1(t)=0
21' 0 FOR 1=1 TO NO

4 2il50 G(I)=':IOxW(i )*((C(1,I)/M(I))/2)*P(I)
.60 (:I) =T ( . ) +G (I )(R ( I ))R.I.)
2 4 7 0 N EXT" I
2480 1,J:: *G*SQR(,283/((( Y ) 1) )
2490 BO-:,O01x(G/(W2, )
2500 W2=-(6.83/(2 . *3, .4L16) ))W
2510 N2=I ,*7E-06xW(Y2)it3,75*W2/(8,*3, 14159*10)
2.520 Z1=2. *3. 1L[ 1.6-,E /(W " 2. -YL.,
2530 K2=,004-*W2*@(Y2)t2.

12540 RETURN
2550 REM ******)t****.,.-**
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2560 REM
2570 REM ** EVhPORATION/SPREADING **
258U REM
2590 F1=0
2600 FOR I:l TO NO
2610 F(1)I C(I0---, I)
2620 NEXT I
2630 F(EO)::S(1O-I)/3i1.1. 6
26410 REM
2650 REM ** RUNGE-K(UTTA ROUTINE **
2660 FI=FI+1
2670 IF F1::. 1 GOTO 2700
2680 1<1=1
2690 GOTO 3000
2700 IF F1::.2 GOTO 2790
2710 FOR I=1 TO EO
2720 Y(I)=F(I)
2730 E():A(I)
27LO F(I)=Y(I)+,5*A(I)*T3
2750 NEXT I
2760 T+-=T'.+,5*T3
2770 Kl(=1
2780 GOTO 3000
2790 IF F:1>.3 GOTO 2860
2800 FOR I--I TO EO
281. 0 E( I )::L( 1 )+2 *A(I)
2820 F(I1=Y(I)+,5*A(I)*T3
2830 NEXT IS28L 0 K In-I
2850 GOTO 3000

2860 IF F::.L GOTO 2940
2870 FOR I=1 TO EO
2880 E(I):=E(I)+2,*A(I)
2890 F()-:Y(1)+A(I)*T3
2900 NEXT I
291.0 T'L=T-+, 5*T3

2' 2920 KI=I
1. 2930 G80") 3000

294+0 FOR I=1 TO EO
2950 F(I)IY(1)+(E(I)+A(A) ) T3/6,
2960 NEXT I
2970 FI=O
2980 KI=O
2990 REM ** END OF R--K ROUTINE **

3000 IF F(EO):"001 GOTO 3090
3010 IF I0:'2. GOTC) 3050
3020 PRINT 'THE SLICK EVAPORATES IN LESS THAN ONE'
3030 PRINT 'TIME STEP.'
304 0 STOP
3050 N=I0
3060 S(IO)=O
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...........

3070 F2=-3.
3080 RETURN
3090 REM ** SLICK RADILIS ROUTINE *

3100 S(I0)=F(EO>-0*3,'i16
3110 RO=-0
3120 FOR 1=1 To No
3130 RO::-RO+F(1)N
3140 NEXT T
3150 Z0--zG*(1 -RO/Ri)
3160 IF ZO::.O GoTO 3200
3170 PRINT 'OIL DENSITY GREATER THAN WATER DENSITY'
3180 PRINT 'IN RADIUS CALCUJLATION IN STEP ';10;',

3190 STO0P
3200 T7=.546*(V0/(z0*Nl.))t(.333333)

320IR4,6*SGR,(31(0 R310*1)(3/,t

330 IF T3/2::.T7 GOTO 30
3240 Rt4=1.14*((ZO*VO)t,25)*SQGR(T3/)
3330 GOTO 3380
326+0 IF T3/2:T8 GOTO 30
3370 RL1.=98*(Z~t2,*S(I0)t4./N1)t.08333*,373h,)t2
3380 GOTO 3380
3370 R4=1.6*SGR(Sl/(S&R(N1)*R1))*(Tt,75 .7

3300 FORO 3380ON

331.0 R4=I1'6+(I)(ZV)tR1)*0T

3330 FORO 3380 TN
33140 I).-()/D6 337
3350 NEXT I t,4.(O~LNlt0333xTLt2
3460 S2TO338

43470 FOR I=I TO NO
3410 D6=:6+F(Is)/MR(I)*l
3490 NEXT I

351 0 FOR I:gi TO NO
352 0 G(I)=KO(2)*(FI)MI)/2)P

350 NEXT I

3550 H0=S2+(I)/(41*) t

3560 IF K1O OTO32
3570 FOR I---- TO NO

3520 (I)=O*W(Y)*(((I)/MI)E2)*

3530 I( O)=I(10___________Rl



3580 A( I ):(17( I )/H0 )*I ( I0 )-G( I )/-0
3590 NEXT I
3600 A(EO):-[--[(I0)*R-ft2.
3610 GOTO '2650
3620 REM *X END OF R-I< ]TERATIONS **
3630 FOR I---i TO EO
36L0 IF F(I).-:1, GOTO 3660
3650 F(1)=0
3660 NEXT I
3670 J(10):=O
3680 FOR 1>1. TO NO
3 690 C(I0,I)-:F(I)
3700 J(I0)=J(I0)4F(I)
3710 NEXT I
3720 H(IO)=HO
3730 N(O)=R.
3740 S(I0)-F(EO)*3. 1L-'I6
3750 IF R1::.J(J0) GOTO 3790
3760 N=10

770 F2 -1
3780 RETURN
3790 IF 3.1L.16x.R t2,.:100000.S(10)t,75 G0Tt0 3830
3800 N-:I0
3810 F"2 2..
3820 RETURN
3830 IF S(10)/S(:I.)::.,0001 G01O 3870
38L[O N=lO
3850 F2=-3
3860 RETURN
38"70 IF J( 10)::., 1 GOTO 3900
3880 N::IO
3890 F2=-3
3900 RE'TURN

3910 REM **X**,******** ,i.,
3920 REM
3930 REM ** DROP DIAMEIE. R *;
3940 REM
3950 N3-:: ( I H ( 10 /DO ) *N'.+( 1 10 /DO )*N-
3960 IF N3.N1 GOTO 3990

4 3970 N3=Nl
4 3980 GOTO 410

3990 IF N3.N- GOTO L O].O
'1000 N3:NLI-

S0 LIOiO W1=( 6*S1*Wt .25)/(J(10 )*GI ,5t*N31. 25)
'4.020 IF WI':.10, GOTO L050
4-030 K(I0)=.,6*Wt.25*N3t.75/Gt.5
4I040 GOTO 1.080
'4050 I(I0)=( 03*Slt 6*Wt ,L )/( 6*t 8)
4060 IF H(IO)-.'K(IO) GO'TO 4080
4070 K(I0) :ll(IO)i,333333*K(IO)t.666666

4080 L I0 )=SQR( (12.* I)/(Gw(IRI-J(1 ) )))
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1+090 1.F I.(10)::HlI0) G010 I. JO
4100 L(Io) h1I0)
4110 IF L(I(O)i'K(IO) GO 1(. 11.30
4120 L(IO):=K(IO)
L13 0 RETURN
4 14 0 REM ****) *********
L15 0 REM
41160 REM ** DROP DI' SPERSION **
1170 REM
1.1.80 D3-:N2*S(10) *T3
41.90 IlLl..:9. 52 NJ. t .666667 ( (G (1. - (10) RI )t .333333

4 200 IF K(1O)I, (I0) G0TO 4 3 80
41210 REM *x MIN ONI MAX IiIF"'ERS THE SAMr **

4220 FOR '[:2 TO Ll.
L'230 0(1.0, I ) -0
'4240 Z( 1O, I ). 0

L.260 NfEXT I
Lf 2"*70 0 ( 10 1 :fI3
'4280 IF I( (10)'04i GOTO 1+31.011290 U(IO, ): t* < I ; ( -J I ) R ) 3 ) ,

'1.300 GOTO t1320
'1310. U(I0,I)=1G*K(I0)t2,*(1,--J(I)/R1)/(8. N )
4 .320 Z 20I *W2 . ( Y2) t 2.!U(10,1)
4330 IF Z2::ZI GOTO '4360

-4 340 Z(IO0,1)--Z1

_ -3,-0 GOTO I370
'1-360 Z(TOI).-Z2
4370 GOTO 455(

41.38(' R'M 4(.y MIN AND' MAX ID' h E:Rg I'IF'FE"RENT *
4-390 A=20 *D3/(L (10) -, *',(I0)*K (I )t +1., *K (IO), )
44 0'0 FOR ] TO 41Li 4 1. 0 I 1." (. ) (2. 1I- ,)* (L (l 1) -'K<( 10 )i/S
4.Ll ")0 0(I I)--A1 (L( 10 -Ifl,5) 411,t 3 -x( (1( 10) --Kl 10))i11

11..1,30 I1: . l fl 11 !.A O
-- .~ ~ ~ 4 1. L 0 UJ( 10,1 -.: 1 ,*G:( . . 1 ,-J(I0 )./RJ. ) / 3.

4 .16 0 U(1O, 1) '.;512, K (1 ( ,- J( )./ Jf3,*NJ.)

.1.470 IF T(I)=1 GO' 0,14O
I11-100 Z2 OJ (W2*( (Y2) t2, /I(IO, )
11.190 IF" Z2"'1 ( T1 .I5 30
4 -5 00 Z(I1 , ') Z J

51. 0 T(I*=1
" FJ 52 0 6fll 04 0 0

4jL530 Z (.10,1) =Z.?
4l. 4.'0 NEXT I
4r55 0 R[iM , ':ALCLJLTF TOTAL Oil., REMAINING I" ISPERSEI' **

14. "60 T (J0) 1 n

'.5 ('0 FOR I:.117 '10 i
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L1580 D9=0

l590 FOR J=l TO 4
[600 IF O(1,J):-O GOTO 4 630

'461. 0 El9:149+:
'+629 GOTO 41880
'1-630 IF Z(I,J)':O GOT"O L1660
4 60 D9=D9+1
1+650 GOTO L4880
4660 IF U(I.,,J).:O GOTO '4690
L4670 D(IO )=DI ( O) +0 (I, J)
41680 GOTO '+880
L4690 Tl ( 10-I+, 5)*T3
4;? 0 0 ': 0 U ( I , J)*T .I-Z ( I , J) ) S(0R (2, *K2 13.)
'+710 118=1

1720 IF 'it0 GOTO 1'+0
LI-730 II=-1
11'L.70 IF (.':2. GOTO L1770
L1"750 D9:::D9+I
1.'760 GOTO L4880
1770 IF' ( :.-2 . GOT) '800
Ll1 .70 [(I 0 ) ::1f (f 0 +0 ( 1, J)
11790 GOTO '4880
L-800 @=:AIS (G) *J. Ll 1,42
14810 01-- INT ( 10, * ) 4.1.
4820 02=:01:.
L-330 PI=: X ( (1 4" (X (02)"--X ( i )/, 1 )*(e-- 1" (Q1-1 )

'4B. 0 IF 1'8=--:L GOO '4870
'1850 D 1.0 )-:I(TO)4(1 ,--PJ.)"O(. J)
4860 (30O) +8800iq87 0 1. ( 10 ) .D 1 I0 )+ P I )'- L) ( I, J)

'4880 NEXT J
I.890 I' 19"'L (010 1910
L49 0 0 DI7- D 7 + i1.
'9"10 NEXT I
1920 S, 5 = 10
'1930 s(IO) .)(I0)-.(D(' I0 --1.(I -- ))
1.941 0 1 (I0 )r:'FH( I0 )*(S ( I0 )/5)
I i.9,; 0 RETLuRN
1960 REM **.**,*.****
'1.970 REM
'1.980 REM ** SL.I'CKL.ET :'TSTRIBLJ1N *-x
'1.990 REM
5000 IF LI- SOTO 5100

".o5010 IF H(IO)".,001 GOTO 501i0
502 0(IO)::(I0)/H(I0)
5030 RETURN
50.0 T5".-(I0-.1) T3
5050 Li.=1
5060 02=:N(I0)12,/3.
5070 T6:5f) 0 2 t.114
5080 10 )=L,*3,11.16*02
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4 -

5090 RETURN
5100 T9=(I0--J) T3
5110 IF T9::'T6 GOTO 5160
5120 02=:N(10)t2.,/3.
5130 02=02+ ,.3*N(Ia)tI. .5,f'CO* (T9-T5)/SQR(LO)
5140 (I0)=--. *3,11-16*02
51.50 RETURN
5160 02=N(IO)t2,/3,
5170 03=02
5180 02-02+ 23*N(I0)tI,.CO*(T9-1"5)/SQR(L.0)
5190 IF L2V0 GOTO 5220
5200 R3:-N(I'0)
5210 L2=1
5220 03=03+,23*R3tJ 5*CO*(T'6--T5)/SQR(LO)
5230 03=03+5.E-06*(T9t2,3'-T6t2,3)
524.0 IF 02::03 GOT1 5290
5250 Q(I0)= .*3,14i16*02
5260 R3=:N(IO)
5270 T6=T6+T3
5280 RETURN
5290 Q(I0)=4.,*3.1L416*03
5300 RETURN
531.0 REM ****w..x.,**********
5320 REM
5330 REM ** VARIABI.,E MAP **
53 0 REM
5350 OPEN F L.-1, 'E8O 002, OUT
:360 MAT PUT F
r,'70 MAT PUT FLI,O,U,Z,CR,B,V,P,M
5380 PUT FI ,Y1,T3,N,VO,CO,TO,DO,T2,EII"2,F3,Y1
5390 CLOSE FLI
54 00 RETURN
541.10 REM *******x******** ,
5 4.20 REM
5430 REM * WINI/WAVES **
51+1L1O REM
b450 PRINT 'ENTER THE NUMBER OF WIND SPEED/WAVE" HEIGHT"
54160 PRINT 'TIME INTERVALS (1-10).';
511.70 INPUT YI

4 ;5180 IF YI::'O&YI'::il GOTO 5510
I5L.90 PRINT 'MUS T BE BETWEEN I AND * 0

5500 GOTO 54150
5510 PRINT FOR EACH INTERVAL., ENU'ER THE WIND SPEED (M/s)
5520 PRINT 'THE ONE-THIRD SIGNIFICANT WAVE HEIGHT (M),'
5530 PRINT 'AND THE D.URATION (HR) OF THE INTERVAL.'
5540 FOR I=1 TO Y1

5550 PRINT
5560 PRINT 'SPEED, HEIGHT, AN: DURATION FOR INTERVAL'; I;';
5570 INPUT W(),c(1),#(1)
5580 IF W(I).:0&W(I)-*60 GOTO 5610
5590 PRINT 'THE WIND SPEIE,: MUSr BE BETWEEN 0 AND 60,'
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560 0 GOTO 5560
5610 A9=:,283/9.8J
562'?0 IF" ( (I) Ag9 (W(1) 8)f2.& 1) A 9, 'W I1* 2)t2. GO0T 0 5 6 80

5630 PRINT 'THE GIVEN WAVE HEIGHT .1 qOT COmPA'rTIlE'
56410 PRTNT 'ITH THE GIVEN WIND) SPEE:, THE WAV[" HEIGHT'
5650 PRINT 'MUST BE BLTWEEN' ;A9*(W(IB*,8)t2, AND
5660 PRINT 09*(W(I)* 1,2)t2,; ' MET"RS,'
5670 GOTO 5560
5680 IF #(I):.0 GOTO 5710
5690 PRINT 'DURA'TION (HR) MUST BE GREATER THAN 0,'
5700 GOTO 5560
57 10 #f( )I IN T (#It(f/T3)
5720 NEXT I

5730 Y2=2
574.0 FOR IzI TO YI
5"750 Y2Y2+l (I)
5760 i ( I ) ='2
5770 NEXT :
5780 Y2-1
5790 RETURN

i
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0,010 REM ~*********~*n******~*****.
0020 REM
0030 REM ** OUTPUT ROUTINE **
001 0 REM
0050 DI1 R(5),B (5),A(6) V(5) E(6) W( 10) , (10) ti(10)
0060 DIM Y(6) ,G(5), 1(141) ,J(111),S(141)
0070 DIM P(5) M(5) ,C(IL. , 5 F(6) ,< ( 1.1)
0080 DIM LI.) ,H(141),N(LIl)1D(1L.1) ,UCII,)
0090 DIM O(10 , 1.1),Z(1.IL.I),X(31),Q(1..L4)
0100 REM
011.0 GOSUB 01LI-O
0120 GOSUD 024O
01.30 END
011. 0 REM *******************4**.X.****** K**** .i***
0150 REM
0160 REM ** REVERSE MAP .
0170 REM
0180 OPEN FLiE E'O 002, IN
0190 MAT GET FL, I.-J,S,K,L,1,N,D,,W,I,I
0200 MAT GET FL10,UU,7,C,R,B,V,P,M
0210 GET FLI,HO,'T3,N,VOCO ,TO,DOT2,D,F2,F:3,Yl
0220 CLOSE FLi
0230 RETURN
02LI.0 REM ** . * .*** *X*
0250 REM
0260 REM ** OUTPUT SUBROUTINE **
0270 REM
0280 PRINT FLP, TABLE 1---INPUT PARAMETERS:
0290 PRINT FL.P,-------...... .

0300 PRINT FLP,
0310 PRINT FLP, INITIAL SPILL VOLUME (CUBIC METERS): ';VO
0320 PRINT FL..P,
0330 PRINT F.P1, SPILL, COMPONENTS:
0340 FOR I=1 TO NO
0350 PRINT FLP,
03 60 P RINI FLUJ ,UMFIL.N I NU. ';1;

V 0370 PRINT FL, ' SP:ECIFIC GRVfRY: ';R(I)
0380 PRI NT FLP, '  BOILING POINT (DEG. C) B (I) --273
0390 PRINT FLP, RELATIVE VOLUME: V (I)
0 Ll. 0 IF" 3=:1 GOTO 0130
014 10 PRINT FLI, VAPOR PRESSURE: ' I)
011.20 PRINT FL.P, MOLECUIlAR WEIGHT ;M(I)
0430 NEXT I
oO4 PRINT I .FLP,
0LI.50 PRINT FL.P CURRENT SPEED (M/S): ;('0
O-60 PRINT FLP,
04(-0 PRTNT FL.P, TEMPERATURE OF- SEA (PEG. C): ;TO--2.3
0480 PRINT FLP,'
0490 PRINT FLP, INITIAL DISTANC'E T SHORE (KiK) : ; DO
0500 PRINT FLP,'
(1510 PRINT FLU, RUNGE'-KUTIA TIME STEP (HR): ;T3/360 0
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0520 PRINT FLP j
0530 PRINT FLP, DISPLAY INTERVAL: ';D1
05LI.O PRINT FLP,
0550 PRINT FLP, MAXIMUM SIMULATION TIME (MR): ';T2/3600.

0560 PRINT FLP,
0570 PRINT Ft.P, WIND SPEED/WAVF HEIGHT INTERVALS:'
0580 PR I NT FLP.
05I90 Y2=2
0600 FOR I=i To Y1
0610 PRINT F, '
0620 PRINT FI.P, INTERVAL NO, ',I;
0630 PRINT FLP,' '
06LO PRINT FLP, WIND SPEED (M/S): ;W(1)
0650 PRINT Fi.P, 1/3 SIG. WAVE HEIGHT (M):';0(1)
0660 it(I)=1(I)--Y2'
0670 Y2=:Y2+1#( I)
0680 X9=tt(I) .T3/3600,
0690 PRINT FLP, INTERVALI DURATION (HR) ;X9
0700 NEXT I
0710 FOR 1=1 TO 8
0720 PRINT F.,P,'
0730 NEXT I
07LI.O PRINT FLP, I'AB[.E 2--..S[L,ICK VOLUM- IISTRIBUT]ON:
0750 PRINT FlP,--- --- -- --................. -

0760 PRINT FIP,
0770 PRINT USING FLP,0780
0780 : SURFACE PERCENT OF PERCE'NT OF" PERCENT OF'
0790 PRINT USING FL.,P,0800
0800 : EL, APSED VOU..UME INITIAL. INITIAL INITIAL.
0810 PRINT USING FLP,0820
0820 : TIME REMAINING VOL.,UME ON VOL.,UME VOLUME
0830 PRINT USING FLP, 08L40
0 8I 0 : (MR) ("":*3) SURFACE EVAPO RATED D]:SPERSED
0850 PRINT USING FL.P,0860

08-60 ------- --- -- --
0870 F'.=D1
0880 FOR 1=1 I0 N
0890 11 I'::N II 210 GOTO 0920

, 0900 GOSLJB 26L1.0
4 0910 GOT(] 1030

0920 IF FL.-#:1 GO'O 1000
0930 X1=(I-1)*T3/3600,
09L1.0 X2=S(I)
0950 X3=S(I)/S(1)*100,
0960 XL1 =(I,--(S(I)+(I))/S(1))*100,
0970 X5=D(1)/S(1) .,100,
0980 PRINT USING F"LP,1020,X1,X2,X3,X' X15
0990 F =O
1000 FL F:LI 4' 1
1010 NEXT I
1,0 20 : 111##1, f it. liffl 1 1 #I# I# I# ,# I## #if104 1 04.O"'
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1030 FOR I::i TO 8
10140 PRINT FLP,'
1050 NEXT I
1060 PRINT FLP, T . -- POLLUTEI. AREA AND SLICK THICIKNESS:

*+ . 1 0 7 0 P R I N T F L P , '- ..... ... . . .. . .. . .. . . . . . .. . . . ..
1080 PRINT FLP,
1090 PRINT USING FllP,11.00
1100 : TOTAL PERCENT OF

11.10 PRINT LSING FLP, 11.20
1120 :ELAPSED AREA TOTAL AREA SLICK
1130 PRINT USING FLP,11+0
11JL0 : TIME CONTAMINATED COVERED THICKNESS
1150 PRINT USING FLP, 1160
1160 : (HR) (KM**2) W ITH OIL (MM)
1170 PRINT USING FLP, 1.180
"1.1 8 0 : . .. ... .. .. .... .. ... ... ..... .. . .. ... ... .. .. . .... . ... ... ..... .....

1190 FI 4.= D 1
1200 FOR I-1= TO N
1210 IF I<NIF2.L0 GOTO 124.0
1220 GOSU 2610
1.230 GOTO 134.0
1.240 IF' FL 1I'1 GOTO 11'10
1250 X.L=(I-i)*T3/3600,
1260 X2=:Q(I)/l .E06
1270 X3=(S(I)/H(I) )/Q(I)*1.00,
1280 X1=H(1)*1000.
1290 PRINT USING FLP,1330,Xl,X2,X3,X4
1300 F4-=0
1310 F'-F+1
1320 NEXT I
1330 :# , #000 . IM it. .ifi I I I# flot II 411 t WHI III
13L. 0 FOR I=I TO 8
1350 PRINI F*LP,
1360 NEXT I
.1.370 IF F3=1 GOTO 1390
1380 RETURN
I! 9 n PRINT FL.F , PW .U.7  x
1400 PRINT FLP, **- DETAILED OUTPUT TABLES ***
.1.L1-1.0 PRINT FLP,
14+20 FOR I=1 TO 4.
11430 PRINT FLP,
1 +0 NEXT I
1.{50 PRINNT FL.P, TABL.,E [L-.-.I1AIiED SURFACE SLICIK CHARACIERISTfICS
11+60 PRINT FLP,- -------------------------................
Il1.7 F PR INT FLP,'
1480 PRINT USING FLP,I1490
1.90 : SU R F ACE EVAPORATION AVERAGE S L IC K SLICK
1.500 P RINT USING FLP, 1.51.0
I151J. 0 VOLUME FL. UX IENSITY THICKNE S RADIUS
1520 PRIN T USING FL.P, 1.530
1530 1 (M**3) (l<G/M*X2/S) (KG 'MX3) (M) (M)
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11,0 PRINT USING FLP,J.55011 5) 1:5 0 ...... ......

1560 FOR I1 r O N
1570 IF J<:NIF2.-:0 GOTO 1600
1.580 GOSUB 264+0
1590 GO'TO 1630
1600 PRINT ISING FLP,1620,1,S(J),I(I)*J(1),J(1)oH(I),N(I)
1610 NEXT I
1620 :fM i t , Ittt III1 It.#ittlIIl It. W ill I I #II it fllil I t itIfllI1
1630 FOR I=1 TO 5
1. 06LI PRINT FLP,
1650 NEXT I
1.660 PRINT FLP, 'TABLE 5---DETAILED DROPLET DISPERSION AND'
1670 PRINT FLP, SLICKLET DISTRIBUTION RESULTS:'
:1.680 PRINT F'LP,--
1690 PRINT FL.P,'
:1700 PRINT USING FLP, , 1710
1710 S, M A L..L LARGE VOLUME TOTAL
:172 0 PRINT USING FI..,P,1730
1730 : DIAMETER DIAMETER DISPERSED POL, AREA
1.74.0 PR I'NT IJS'NG FLP, ,1750
1750 - I (M) (M) (M**3) (M*X.2)
:1.760 PRINT USING FLP, 1.770
17"70 :-------... - -----...

1780 FOR I:-1 1 0 N
1.790 IF I:'N I1..O Gc0TO 1820
:100 0G C GU)1. 264+0
1810 GOTO 1850
1.820 PRINT USING FLP,I1'O,.lK(:),L(I),I'(I),Q(I)
1.830 NEXT T
184-0 :.fll 4 l I I Il1 0,fl, f III I t. 1144 1 1 11 IIIIIII II
1850 FOR I.l TO 5
.1860 PPINrT FLP,
1870 NEX'T I
:1. 880 P R I N I U S 1 N G FL, P 1. 91. 0
L890 PRINT USING F'LP, 1920
:.900 F)RDNT II q'! C FI.PI9:
.1910 "ANI.F. 6.COMPONENT MASS CONCENTRAT.[ONS (KG COMPONENT
1920 PER CUBIC METER OF SLICK:
1.930 : .. ..... .............................................-................- --....... .....

194-0 PRINT rl.,P,
:1.950 PRINT USING FI.,P,1.960
:1.960 I COM P 1. COP '2 COMP, 3 COMP 4+ COMP 5
1970 PRINT USING I.IP, .1980

" 1~~~l9 50 .. . .......... ... ........ ............... ................. .....................
1990 FOR 1-l TO N
2000 1F I ':: N I F 2::: 0 G 0TO 2030
20.10 GO- SUB 26 l 0
2020 GI1L) 206n
20l30 PRINT USINC F:'L.P,21'0 . I , C(2 , , C(., 2).C( , ,),C( L) ,' . I ,r,
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2050 "- # 1111 I . lt#lI III 1 , # I I 0 .I I W il I, # I II IP.1 11 1 1 It 0 ,4 1111 It,1101 1 1III

2060 FOR P1 TO 5
2070 PRINT F',
2080 NEXT I
2090 PRINT USING FLF ,211 0
2100 PRINT USING FLP,2:I20
2110 TABLE ?-D-IROPL ET TERM1N AL VELCCII IES (M!S)
2 31.2 0 . . . .. ...- . ... .. ..... .. ... .. ..... ..... .... ... ..... .... ... .. ... .. ..

2130 PRINT FLF,'
21LF0 PRINT USING FLP,21O
2150 : 1 SIZE 1 SIZE 2 SIZE 3 SIZE L
2160 PRINT USING FIP, 2170
21.7 0 :. ......... .......-.. -. . .

2180 FOR 1=1 TO N
2190 IF I :: NI F:'2:: 0 GOTO 2220
2200 G(OSUB 260
2 2 1 GOO' 0 2250

:.22o2 PRIN USI N G F L, 22L 4 0, I, U (1 1), U ( I,2 U (I, 3) U(IL)
22"30 NEXT I
224.0 "8t411 It#,##MI II I I # #t111 II .I it. 4 IlII ,1 1 10I I II
2250 FOR 1=i TO 5
2260'. PRINT FI1.1,
2270 NEXT I
'2200 PRINT USING FrL,P, 23(10
2290 PRINT USING FLP,23:1.0
230 0 'TfBLE 8D.. RUP[,E f:[)SFRSION DEPTHS DI M)

" 2310 : --.-...-.--.--.- .........- --- - -- - ------..... - ----- - --------- .. ..

2320 PRINT r:=LP,' '
2 2330 PRINT USING FLP, 23' 10 .ZE.. L[ ISF, Z E- LI
:234.0.(I- I SIZE :1 SIZ. 2 "Z SZ
h 2350 PRINT* USING FLP,2360

2.-360 . . . . ....... .. . . . ..-
2370 FOP I::1 TO N
2j@80 iF- J.N I F? 0 G TO 2L J

2390 GOSUB 261I0
2{l.() 601 ()' 2LI 4 0

IL~ 0EV "T 24 LT 0I21111 0  r I 'll * 1" Icl-' "I I C ) 1 , r " If " '. .. r

)1i.20 NEXT I
4 30 4t4411l V.lHIM1 IItII .II IIII it1.HI IIII I i.i# III

2114 '0 FOR 1=1 TO
S2L'0 PR N L,I' ,

2i.60 NE XT I
72.0 PRINT USING :: 1 ' , 24 90

2'480 PRINT USING FL,P ,250(1
?LI 90 TABL.,E" 9- LOL!E IN [iROPL"TS (R 0 PLFT M )3)
2500 . . ............ .. -

251 ( rR fI.ti F LF')-.) 0 PRINT USING EL, '2530

25530 1 SI I S I Z U 2 SIZE Z SIZE.
25I10 PRINT USING FLf' P 5 0
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2560 FOR 1--t TO N

2570 IF ]"NI F2..'. 0 GOTO 2e00
2580 GOSUB 2640
2590 G01O O 630
2600 PRINT USING FL.P,2620,IO(I,1),O('[,2),O (I,3),O(),L )
2610 NEXT I
262o,.. :I# t #t i . itilifl I I i , il it lI l I it,W illI I II ll It R O llI

2630 RETURN
261I.0 REM 'i*'***** .X.**.X.. *.*******.***.
2650 REM
2660 REM (.* SLICK EVAP/SINK/BREAK--UP MESSAGES x.
2670 REM
2680 IF P2:-' GOTO 2730
2690 PRINT FLP, ,

- 2700 PRINT FIP, THE AVERAGE DENSITY OF THE SLICK BECOMES'
2710 PRINT FLP, GREATER THAN THE DENSITY OF WATER.'
2720 RETURN
2730 IF 2.-2 GOTO 2780
27L0 PRINT FLP,

2750 PRINT FLP, SLICK BREAKS UP (AREA VS. VOLUME'
- 2760 PRINT FLP, STOPPING CRITERION REACHED)

2770 RE:TUPN
2780 PRINT FLP,
2790 PRINT FLP, THE SLICK HAS ENTIRELY EVAPORATED OR'
2800 PRINT FLP,' DISPERSED IN THE WATER COLUMN.'
2810 RETURN
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E.2.2 Definitions of Variables in Program Code

Arrays

A(K) - Intermediate Runge-Kutta function value for equation K.

B(J) - Boiling point (initially °C, later 0K) of oil component J.

C(I,J) - Mass concentration (kg of component/m3 of slick) of
component J at beginning of interval I.

D(I) - Total rolume remaining dispersed in water column at
beginning of interval I.

E(K) - Intermediate Runge-Kutta routine value for equation K.

F(K) Intermediate value of differential equation K in Runge-
Kutta routine.

2
G(J) Mass flux (kg of component/m of slick/sec.) of

component J.

H(I) - Slick thickness (m) at beginning of interval I.

3 2
I(I) - Average volume flux of all components (m /m /s) at

beginning of interval I.

J(I) - Average slick density (kg/m ) at beginning of interval I.

K(I) - Minimum droplet diameter (m) at beginning of interval I.

ti ; L(1) - Maximum droplet diameter (m) at beginning of interval I.

M(J) - Molecular weight of component J.

N(O) - Radius of slick (m) at beginning of interval i.

O(I,L) - Volume (m') of oil dispersed during interval I and
contained in droplets of diameter given by L, K(I), and
L(I), where L varies from 1 to 4.

P(J) - Vapor pressure of ccmponent J.

2
Q(I) - Tot-l area polluted (m ) at beginning of interval I.

R(J) - Specific gravity of component J.

3
S(I) - Volume of surface slick (m3) at beginning ,f interval I.
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Arrays (Cont.)

T(L) - Flag in maximum dispersion depth calculation for droplets

of diameter given by L, K(1), and L(I).

U(I,L) - Terminal velocity (m/s) of droplets of diameter given by
L, K(I), and L(I) that were dispersed during interval I.

V(J) - Relative volume (parts component per one part slick) of
component J.

W(M) - Wind speed (m/s) during wind speed/wave height interval M.

X(N) - Normal distribution table values.

Y(K) - Intermediate Runge-Kutta variable for old values of

equation K.

Z(t,L) - Dispersion depths for droplets of diameter given by L,

K(I) and L(I) and dispersed during interval I.

@(M) - Wave height (m) during wind speed/wave height interval M.

#(M) - Interval number at which wind speed/wave height interval M

begins.

Scalar Variables

A - Weighting factor for diameters in dispersion routine.

A9 - Intermediate value in wind speed/wave height input routine.

A$ - Answer to query.

BO - Thickness of turbulent bore.

C - Current speed (m/s).

DO - Initial distance to shore (km).

Dl - Display interval.
1 4

D3 - Increment of surface volume dispersed during an

interval (m3).

[ . 3 D4 - Droplet critical diameter (m).

D5 - Droplet diameter (m).

D6 - Temporary variable.
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Scalar Variables (Cont.)

D7 - Counter in dispersion routine.

D8 - Sign flag in dispersion routine.

D9 - Counter in dispersion routine.

EO - Total number of differential equations: No 4 1.

El - Evaporation time.

F - Data file number.

F1 - Runge-Kutta flag/step number.

F2 - Slick evaporation/break-up/sink flag.

F3 - Output type (summary or detailed) flag.

F4 - Line count flag

G - Acceleration due to gcavity (m/s).

HO - Slick thickness (m) (temporary variable).

10 - Time step counter.

KO - Constant in component flux equation.

K1 - Flag in Runge-Kutta routine.

K2 - Turbulence difusivity.

4. LO Constant in distribution routine.

Ll - Flag in distribution routine.

L2 - Flag for checking slick radius at T6.

N - Total number of time steps/intervals.

NO - Number of components in spilled oil.

Nl - Viscosity of water.

N2 - Fraction of surface oil dispersed per unit time is ").

N3 - Effective viscosity of water/oil boundary.

[ N4 - Viscosity of oil
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Scalar Variables 'Cont.)

02 - Vaziance of slicklet distribution before T6.

03 - Variance of slicklet distribution after T6.

PO - Atmospheric pressure.

P1 - Probability value in dispersion routine.

Q - Temporary variable in probability calculation in
dispersion routine.

Ql - Index for probability calculation.

Q2 - Index for probability calculation.

RO - Average slick density (kg/m3).

Rl - Density of water (kg/m3).

R2 RaLio of component boiling point (uK) to ocean

temperature (OK).

R3 - Slick radius (i) at time T6.

R4 - Slick radius (m) (temporary value).

so - 1/3 significant wave height (in).

S1 - Surface tension of water/oil boundary.

S2 - Intermediate variable.

S5 - Volume variable.

0TO - Ocean temperature (init11 yC, 'acr I o,

Tl - Elapsed time since dispersion (s) in dispersion routine.

T2 - Maximum simulation time (initially in hours, later in
seconds).

T3 - Runge-Kutta time step (initially in hours, later in
seconds).

T4 - Total elapsed time (s) in Runge-Kutta routine.

T5 - Time when slick reaches 1 mm thickness.

T6 - Time for transition to Gaussian distribution for slicklets.
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Scalar Variables (Cont.)

T7 - Time to end of gravity-inertia regime.

T8 - Time to end of gravity -viscous regime.

T9 - Present time (temporary).

VO - Initial spill volume (m 3).

Vl - Component relative volume normalizing factor.

W - Wave frequency.

WO - Initial wind speed (m/s).

WI - Microscale Weber number.

W2 - Wave crossing frequency.

Xl-X9 - Temporary output variables.

Yl - Time until weather update.

Y2 - Index for weather update.

Z0 - Intermediate variable in slick radius calculations.

Zl - Maximum dispersio.1 depth (in).

Z2 - Velocity-dependent dispersion depth (m).

E
'C 4
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E.2.3 Notes on Program Code

While the program code is quite complicated, it does, for the most

part, follow the algorithms detailed in Sections 3 through 6 and Appendix

B. Below are some notes concerning parts of the code either that depart

somewhat from the given algorithms or that are in some other wa-y confusing.

1. In line 580, 9.999 should be 10. (For some reason, our machine
believes that 10 > 9.999 * I., but does not believe that
10 > 10 * 1.) Similarly in lines 610 and 680.

2. The code in lines 5450 through 5790 should really be moved up to
line 1600. In an earlier version, there was a reason for this
separation; in the present version, it's only confusing.

3. The matrix X contains a normal distribution table (lines 2180-2260).
This is used in the droplet dispersion routine to calculate the
error function:

erf(x) = 2F (/2x) - 1,

where F is the cumulative normal distribution.

4. Lines 2480-2530 contain the "constants" that change when the wind
speed and wave height change; hence, the conditional GOSUB at line
270 in the main routine.

5. in line 4390, A is a constant such that

V dis p  f max A(d -d)d dd,disp d~ dmax

dispm
is the minimum droplet diameter, and d is the maximum droplet dia-

maxmeter. Thus, A(dma-d) is the linear probability density

distribution for droplets of size c.

6. At line 4690, the elapsed time since the oil -.ss dispersed is
givern by (10 - I + .5) * T3. The .5 enters iato the equation
because we assume that the oil dispersed during a time interval
is dispersed in the middle of the interval.

7. Line 4830 is an interpolation calculation using the normal
distribution table values at intervals of .1:
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Pinterp Plow +Qhigh Qlow (actual Qlow) "

8. The value of D(I) is the total volume of oil dispersed at, or as
of, the beginning of time interval I. That is,

I 4
D(I) = E E P(l-k,j)" O(k,j ,

k=l j=l

where P(I-k,j) is the probability that a droplet of the j diameter

is still dispersed after time I-k, and O(k,j) is the total volume
of oil dispersed during time interval k and in droplets of the jth
diameter. In lines 4920-4940, the .hanae in dispersed volume,
D(I)-D(I-l), is substracted from the surface volume and the thickness
of the surface slick is adjusted accordingly.

E.2.4 Installation on Other Systems

The version of BASIC that runs on the IBM 5100 is sufficiently

primitive that converting this program to another version of BASIC for

some other system should not be difficult (though it may be tedious).

Apart from I/0 (input/output) incompatibilities (which plague all

program conversions), there are only three immediately obvious potential

problems:

1) The 5100's version of BASIC limits array name to a single

character. Since the program requires 28 arrays, we were forced

to use "@" and "" as names for two of them. These are probably

not legal names on most systems, and so will have to be changed.

Since most systems do not require single character names,

however, this should not prova too difficult.

2) The syntax of the IF statements will probably be different on

other systems. Most systems use for "is not equal to,"

rather than "V", for example. Many systems may require a THEN

prior to the GOTO in an IF statement.
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3) Some systems may requira LET statements (such as "LET T3 = .25").

Most systems do not.

Most system incompatibilities will arise from the I/O statements:

PRINT, PRINTUSING, OPEN, CLOSE, PUT, GET and CHAIN. It's fairly obvious

what the objectives of these statements are (in the covvext of the program

code), but, depending upon the system, these objectives will range from

easy to impossible to achieve.

Any BASIC system has a PRINT statement, but the syntax will usually

SIdiffer.

Most, if not all, versions of BASIC have a statement equivalent to

PRINTUSING (a formatted output statement). Again, the syntax will usually

differ.

Some machines or some versicns of BASIC may be unable to handle

multiple I/O devices, in which case the OPEN, CLOSE, PUT, and GET statements

will either have to be replaced with hard-coded options or will have to

be deleted. (For example, if it were not possible to read the oil spill

-: component make-up from a file, then the component data for some types

of oil could be stored in DATA statements within the program, and the

user could be asked to select one of these oil types or to enter the

component data from the terminal.) If the machine i3 able to handle

multiple I/0 devices, it will still be necessary to change the syntaxes

of these statements.

If the system has a large enough core capacity, the CHAIN statement

at the end of the main program can be changed to a GOSUB, and the output

program can be made a subroutine of the main program, rather than a

separate unit. This would eliminate the need for saving data in and

retrieving data from a storage file. If, on the other hand, the system

has too little core capacity, the input and initialization sections can

be made a separate program unit and executed prior to the cal-ulation

section, through use of another CHAIN statement or its equivalent. (Note
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that a small portion of the initialization section may occasionally be

called by the calculation section. See Section E.1.3.)

I
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APPENDIX F

DROPLET NUMBER DISTRIBUTION FUNCTIONS

To determine the volume fraction of oil dispersed in the water column,

it is necessary to adopt an assumption regarding the size distribution of

droplets. There are no reliable observations or theoretical estimates of
actual size distribution of droplets formed by breaking wave-slick

interaction. In Chapter 4, we presented an algorithm to estimate the

diameter of largest and smallest droplets formed. In Chapter 5, a simple

linear number density distribution was assumed to determine the fractional

volume of oil dispersed in the water column as a function of time. In this

Appendix, we will generalize the expressions obtained in Chapter 5 for an

arbitrary number density distribution of droplets.

*i Let the droplet number density distribution be given by the following

equation

g(d) = a dmax f(() (F.1)

Where f(f ) is the distribution function and Oris the nondimensional

diameter d/d max . The most general form of the distribution function can

be either a polynomial in (or a known function (such as exponential
function). However, certain closure conditions must be satisfied by the

chosen function. These conditions are:

- It has been observed that in a given volume of water containing oil

droplets, large numbers of small droplets are found. Hence the droplet

distribution function should be a monotonically decaying function.

- The smallest diameter was determined by the Weber number criterion

described in Chapter 4. Therefore, the distribution function should

have a maximum at the minimum diameter, dmin'
~ Some of the possible distributions are shown in Figure F.l. The

elementary volume of droplets of diameter d is given by

dV(d) = a d f( 6 ) d3
max
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Figure F.1 Droplet Number Density Distribution Model
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The total volume is:

dmax
Jd x f() 

d3 ddB,!d dmin

The parameter W*, defined by Equation (5.22) may be redefined as:

, max
W d Jd. f(0 d3 dd (F.2)' i = da x  jmi n

The fractional volume in the diameter range d and d+6d is given by:

, d + Ad

Fd W d f() d dd (F.3)d Id max

Once the functional form of f(X) is known, W* and Fd may be readily

determined. These results for some simple functions are given here.ii 1. Linear Function

Let f(f) be given by

f( = 1 - (F.4)

Therefore

05 4 5

(F.5)

(d 4

F max d5 d )?{ Fd W* 4 5

dW 5~ Id

These expressions were used in the droplet distribution model developed

in Chapter 5.

2. 2nd degree polynomial

Let f(() be given by:

f() = cO + cor+ c2 4< (F.6)

Since f(() should be maximum at d dm n and steadily decrease, we will

assume co - 1, c1 - -0.5 and c2 = -0.5, which yields%

f 2

(2
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C. -
I. -

The corresponding expressions for W and Fd are:

5 4 dn5 dn6

w, max max min min min
15 4 10 12d

maxF.7)

max d4  d5 d6 Id + d

4 10 12d

3. Exponential Function

':1 Let the distribution function be exponential with a value of unity at

d d . This is given by

'r max

f4) =c exp (F.8)

where c0 = e. Substituting this in Equations (F.2) and (F.3), we obtain

the following expressions for W* and fd.

W . l Ii C ki d iax f d i ) i -d 1 Tx-d /§-

[~~~ d /ded/ ~mn)

F m d max ma ma

d 
m d+ d + 6 F

maxmi da! ( re,! -in/ .,j

Similar expressions can 
be obtained for any distribution 

function and can

be used in the algorithm developed in Chapter 5.

d mi

'IF
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